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Fiber Facts from DuPont 


number 3, April, 1958 


The third in a series of advertisements con- 


taining technical data on properties and charac- 


teristics of Du Pont fibers . . . information 
Fiber Cross Section 
Color 

Density 

Breaking Tenacity, Dry 


Breaking Tenacity, Wet 
Tensile Strength 


Ratio: Loop to Straight Strength 
Elongation at Break, Dry 
Elongation at Break, Wet 

Initial Modulus, Dry 
Work-to-Break, Dry 

Work and Tensile Recovery 
Heat Resistance 


Useful Environmental Temp. 
Zero Strength Temperature 


Melting Point 
Specific Heat 
Flammability 


Chemical Resistance 


Moisture Absorption 


Effect of Mildew 


Effect of Insects 


e Our “Technical Information Bulletins” cover subjects 
such as properties, characteristics, dyeing and processing 
of Du Pont’s six textile fibers. More than 200 Bulletins 
are now in print; we'll be glad to forward you an Index. 

e@ You may also be interested in our recently published 
handbook, ““Du Pont Fibers in Industry,’ which details 
technical and performance data for most industrial fiber 
applications. 

e If you have specific questions about “‘Orlon” . . . or 
about any Du Pont fibers . . . write to Technical Service 
Section, Textile Fibers Department, Du Pont Company, 
Wilmington, Del. 


NYLON ORLON* 


REG. U. S. PAT. OFF. 
Acrylic fiber 


* Registered Du Pont trademark 


DACRON* 


REG. U. S. PAT. OFF, 
Polyester fiber 


which may be useful in your research activities. 
Here, 
*“ORLON’** acrylic fiber. 


for example, are some properties of 


Dog-bone 

White 

1.14 

2.3 to 2.7 g.p.d. at 70°F., 65° R.H. 
3.5 g.p.d. at —70°F. 

0.3 g.p.d. at 300°F. 

2.0 g.p.d. in water at 70°F. 
34,000 to 39,000 Ibs. /sq.in. at 
65% R.H. 

0.80 

25% at 70°F., 65% R.H. 

33% in water at 70°F. 

50 g.p.d. at 70°F., 65% R.H. 
0.40 g.cm./d.cm. at 70°F., 65° R.H. 
Good, especially from low stretch 
Good strength retention after pro- 
longed exposure in air or steam at 
elevated temperatures. Fiber retained 
96% of its original strength after 4 days 
in air at 300°F. This exposure caused 
discoloration of the fiber. 

—100°F. to +300°F. 

366°F. (Fiber breaks under load of 0.1 
g.p.d.) 

Decomposes before melting 

0.36 BTU /lb./ °F. 

Ignition Temperature 926°F.—Rate of 
burning about the same as acetate fiber 
Good resistance to most mineral acids, 
oxidizing agents, aleéohols, hydrocar- 
bons, halogenated hydrocarbons, and 
ketones. Also good resistance to most 
weak alkalis. Degraded by boiling 
sodium hydroxide solutions. Dissolves 
with at least partial decomposition in 
concentrated sulfuric acid. Soluble 
in dimethylformamide. 
5% at 70°F., 95% R.H. 
Fiber is not weakened, 
discolored 

Tests indicate fiber does not serve as 
food for insects, but in some tests 
fibers were cut by insects. 


70°F., 


but may be 


REG. U.S. PAT.OFF 


BETTER THINGS FOR BETTER LIVING 
--.- THROUGH CHEMISTRY 


RAYON ACETATE TEFLON* 


REG. U. S. PAT. OFF. 


TFE-fluorocarbon fib 
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Factors Influencing the Crystal Structure 
of Cellulose Triacetate’ 


B. S. Sprague, J. L. Riley, and H. D. Noether 


Celanese Corporation of America, Summit Research Laboratories, 
Summit, New Jersey 


Abstract 


A general examination of the effects of cellulose source and conditions of acetylation 


on the crystalline structure of cellulose triacetate has been carried out. 


Heat has been 


shown to markedly improve the lateral order of the structure and thereby to demonstrate 


the existence of two stable polymorphic crystalline forms, 


cellulose triacetate I] 


is given 


Conditions for transformation of triacetate 


cellulose triacetate I and 


A general summary of conditions for achieving each structure 


I to triacetate II by heat and swelling 


are discussed, and the possibility of the reverse transformation is questioned 


The action of a variety of organic swelling liquids on the ability of each form of 


triacetate to attain high lateral order is investigated 


the observations 


Proposals are made for unit cell dimensions of 


; a mechanism is proposed to explain 


’ 


cellulose triacetate I and cellulose 


triacetate II crystals, and some speculation on their relationship to cellulose structure 


is given 


Introduction 


The various crystalline modifications of cellulose 
have been studied by many investigators and char- 
acterized by numerous methods. The crystalline 
structure of cellulose triacetate, on the other hand, 
has by comparison received relatively little attention. 
Early work in this field was carried out by Herzog 
[7], Naray-Szabo and Susich [16], and Hess and 
Trogus. These latter investigators studied exten- 


sively the kinetics of esterification of cellulose, the 


1 Presented at the Joint Conference of The Fiber Society, 
Inc. and The Textile Institute, Boston, Mass., September 5, 
1957. 


crystalline structures formed, and the possible trans- 
9, 10]. 


ita indicated at least two polymorphic 


formations between them [8, 
Their di 


crystalline forms of cellulose triacetate, related to 
the cellulose source and the method of esterification. 
However, they were handicapped in most cases by 
inability to obtain sufficiently well perfected crystal- 
lites from the acetylation reaction te give sharp, well 
defined X-ray diagrams. Consideration of this field 
by later investigators such as Baker [1] and Happey 
[6] has cast further doubt on the validity of the 
conclusions of Hess and Trogus. 
that the 


triacetate reported really represented only different 


Baker, in partic- 


ular, believed several forms of cellulose 
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states of local order, and not polymorphic forms 
stable over a range of temperatures or preparation 
conditions. Howsmon and 


Sisson [13] conclude 


that there is no agreement on the existence of poly- 


morphic forms of cellulose triacetate, and that much 
of the published work should be reconsidered before 
definite conclusions are drawn. 

The utility of heat in perfecting the crystalline 
structure of cellulose triacetate has been described by 
Baker, Fuller, and Pape [2] for films and by Stoll 
[17] for commercial triacetate fiber (Arnel). The 
use of heat alone to promote crystallization has par- 
ticular advantages. It can be controlled readily to 
give a very fast rate of crystallization, resulting in a 
short time treatment with negligible degradation. 
It avoids chemical treatments, which by swelling or 
other means may introduce ambiguity into the crystal 
structure or reduce the lateral order to a point where 
structural interpretations become impossible. In 
fact, it increases the lateral order to a degree that 
allows unequivocal conclusions to be drawn and unit 
cell calculations to be attempted. 
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A typical effect of heat on the crystallization of 
cellulose triacetate fiber is shown in Figure 1. Both 
the fiber diagram and the X-ray goniometer curve 
for a randomized sample are given. The extreme 
degree of lateral order which can be achieved in heat 
treatinent is clearly evident. 


Experimental Procedures 


Using the principle of structural perfection by 
heating, the structures obtained by heterogeneous 
and/or homogeneous acetylation of cellulose I, cellu- 
By het- 
erogeneous acetylation is meant “fibrous acetyla- 


lose II, and cellulose IV were examined. 


tion,” wherein the fiber form of the cellulose starting 
material is retained. By homogeneous acetylation is 
meant the condition wherein the acetylated material 


dissolves in the acetylating medium as it forms.’ 


2The term “homogeneous acetylation,” as used in this 
paper, does not imply that the acetylation proceeded homo 
geneously in the kinetic sense. However, in the completed 
reaction, only a single phase is present, leading to the desig 
nation “homogeneous” 
dustrial terminology. 


in accordance with contemporary in 


Fig. 1. Effect of heat on crys 
tallization of cellulose 
(Arnel). (a) and (c) 
fiber. (b) and (d) 
at 250° C. 


triacetate 
Triacetate 
Heat treated 
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Ramie, cotton, and wood pulp were utilized as 
sources of cellulose I, Fortisan 36 as a source of 
cellulose II, and a special high tenacity rayon tire 
yarn as a source of cellulose IV. 


Acetylation 


Heterogeneous acetylation was carried out by a 
procedure (or modifications thereof) described by 
the Southern Regional Research Laboratory [4]. 
This procedure involves pretreatment of the cellulose 
in 80% acetic acid followed by acetylation in a 
50/50 mixture of acetic anhydride and amyl acetate 
(or benzene), using perchloric acid as the catalyst. 
The temperature during acetylation was maintained 
below 40° C. The time of acetylation varied from 
2-5 hr., after which the catalyst was neutralized with 
potassium acetate and the product washed and re- 
covered. The degree of acetylation was greater than 
61.5% combined acetic acid using this method. 

A wide variety of homogeneous acetylation pro- 
cedures can be utilized without any change in the 
resulting triacetate structure. A typical procedure 
[14] involves pretreatment with acetic acid followed 
by acetylation with acetic anhydride, using sulfuric 
acid as catalyst. Peak acetylation temperature is 
kept Jess than 50° C., after which the bound sulfate 
is removed by mild hydrolysis. The catalyst con- 
centration must be kept low to obtain a satisfactory 
degree of substitution (61% acetic acid content, or 


higher). 


Heat Treatment 


Heat treatment of the products was carried out in 
hot air at temperatures in the range of 210—280° C. 
for times of 1-5 min. 


X-Ray Analysis 


The X-ray fiber diagrams were obtained on a 
North American Philips X-ray machine using nickel 
filtered CuK a radiation. Film-to-sample spacing 
was 5.00cm. The specimens were irradiated perpen- 
dicular to the fiber axis. Goniometer curves were 
obtained from the same X-ray machine using a 
Geiger counter diffractometer with a well randomized 
specimen. The specimens were prepared by scissor- 
cutting bundles of fibers to a fine powder, which was 
then packed, to a reproducible density, into an ap- 
propriate specimen holder. Considerable experience 
with this method has shown that good reproducibility 
can be achieved. The maintenance of a low sample 
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density prevents preferred orientation of the short 
fiber during packing of the sample holder. 

X-ray goniometer curves of randomized samples 
were evaluated for degree of crystalline order by 
determining the sum of the differences between max- 
imum peak intensity and minimum cusp intensity for 


the principal diffractions, normalized for sample size. 
The first two principal diffractions, located at ap- 
proximately 7.5-8.5 and 15.5-16.5 degrees 26, were 
considered in the case of triacetate I and untreated 
triacetate II, triacetate IT, 
the first four principal diffractions, located at ap- 
proximately 8, 10, 12.5, and 16.5 degrees 26, were 
considered. 


while in heat treated 


Normalization for sample size was ac- 
complished by dividing the sum of the intensity 
differences by the average intensity at 3 and 30 
degrees 26. The value so obtained will be termed 
crystalline index. 


Swelling Treatments 


Crystalline lattice swelling behavior of cellulose 
triacetates was determined in various organic liquids 
by immersing the fiber in the liquid for at least 16 hr. 
at room temperature, blotting, sealing in a 0.5-mm. 
capillary, and obtaining the X-ray pattern. 

The effect of organic liquids on the crystallization 
of cellulose triacetates was determined by immersing 
the fiber in the liquid for at least 14 hr. at room 
temperature, washing in water (all liquids used were 
Treated 
specimens were made into randomized samples and 


miscible with water), and vacuum drying. 


the X-ray goniometer curves determined before and 
after heat treatment at 210° C. for 2 min. 


Structures Resulting From Acetylation 


The heterogeneous acetylation of cellulose I results 
While these 
structures are superficially similar, it appears that 


in the structures shown in Figure 2. 


some additional equatorial diffractions may occur in 
the triacetylated ramie. Hess and Trogus [8] listed 
equatorial diffractions for triacetylated ramie at 11.5, 
7.72, 6.09, 5.42, 4.31, and 3.95 A. The second and 
third diffractions would correspond to the hazy areas 
between the first two well defined equatorial spots 
of Figure 2a. It is of interest to note that these hazy 


areas are essentially missing in the triacetylated 
cotton. 
Heat treatment of these cellulose triacetates re- 
This struc- 
It is now 


sults in the X-ray patterns of Figure 3. 
ture will be called cellulose triacetate I. 
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evident that the first two equatorial diffractions are 
at approximately 11.5 and 5.4 A (see also Table V), 
and that the additional spacings given by Hess and 
Trogus are either due to a substance other than 
cellulose triacetate or are associated with decreased 
lateral order due to acetylation. 

Homogeneous acetylation of cellulose I, followed 
by spinning a fiber, leads to the X-ray pattern of 
Figure 4a, while heat treatment results in the pattern 
shown in Figure 4b. This pattern is vastly different 
from those of Figure 3, and is obviously a different 
crystal structure. 
lose triacetate IT. 

Dissolving cellulose triacetate I, as in methylene 
chloride/methanol, followed by reprecipitation, leads 
to randomized patterns with spacings similar to those 
of Figure 4, the cellulose triacetate II structure. 

Heterogeneous acetylation of cellulose II (Fortisan 
36) results in the X-ray patterns of Figure 5, another 


This structure will be called cellu- 


example of the cellulose triacetate II structure. 
Heterogeneous acetylation of cellulose IV results 
in the triacetate II pattern, as shown in Figure 6. 


a 


Fig. 2. 


pe | 


Fig. 3. Heat treated heterogeneously acetylated cellulose I. 
(b) Cotton, 1 min. at 280° C. 


b 


Heterogeneous acetylation of cellulose I. 


b 
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This is perhaps unexpected, since cellulose IV is 
often referred to as “renativated,” or a disordered 
cellulose I [12], and might be thought to acetylate 
to the triacetate I form. However, Marrinan and 
Mann [15] have shown recently that cellulose IV 
prepared from cellulose II has a different infrared 
spectrum from cellulose IV prepared from cellulose I. 
Apparently the cellulose IV “remembers” what it 
was made from; accordingly, it might be expected 
that the cellulose IV tire yarn made from cellulose II 
would acetylate to the triacetate II structure. 

Some idea of the stability of the structures of 
triacetates I and II, and further proof of their de- 
pendency on the initial cellulose structure, can be 


obtained from saponification experiments. Saponi- 


fication was carried out in 1% aqueous sodium hy- 


droxide and 10% sodium acetate for 16 hr. at 80° C., 
with the results shown in Figure 7. Cellulose tri- 
acetate II from heterogeneous acetylation of cellulose 
II, or from homogeneous acetylation of cellulose | 
Cellulose triacetate 
I, on the other hand, saponifies to cellulose I. 


or II, saponifies to cellulose II. 


Inci- 


c 


(a) Ramie. (b) Coton. (c) Wood pulp. 


= 
(a) Ramie, 2 min. at 230° C. 
(c) Wood pulp. 
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Fig. 4. Homogeneous acetyla- 
tion and heat treatment of cellulose 
I. (a) Wood pulp, homogeneously 
acetylated, dissolved, and spun into 
fiber. (b) Fiber heat treated 10 
sec. at 290° C. under tension. 


Fig. 5. Heterogeneous acetyla- 
tion and heat treatment of cellulose 
II (Fortisan 36) (a) Acetylated. 
(b) Heat treated. 


Fig. 6. Heterogeneous 
tion of cellulose IV (a) 
tire cord. (b) Acetylated. 


acetyla- 
Rayon 


a 
dentally, the saponification conditions are of interest 
in that they show the pronounced effect of sodium 
acetate in inhibiting the swelling action of caustic at 
high temperature. 
cellulose II takes place and no major decrease in 


No conversion of cellulose I to 


lateral order is observed, thus providing an easy 


means of saponification without danger of structural 
change. 


b 


It is now possible to summarize the dependence of 
structure of cellulose triacetate in the following way 
(Table I). , 

1. Heterogeneous acetylation of cellulose I yields 
triacetate I. It may be that, under conditions of 
high temperature and swelling, some triacetate II is 
formed without complete destruction of the natural 


fiber structure. This has been shown by Hess and 
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Trogus [9], who were able to obtain triacetate II by 
acetylating tamie at 105° C. We would prefer to 
think that under these conditions local swelling of 
the less ordered crystalline and intercrystalline areas 
takes place, while the larger, more perfect crystallites 
acetylate heterogeneously, thus producing a mixture 
of triacetates I and II. 

2. Homogeneous acetylation always results in tri- 
acetate II, indicating that it is the preferred (low 
energy) structural form. Further weight is given 
to this statement by the fact that triacetate I dissolved 
and reprecipitated always yields triacetate IT. 

3. Any type of acetylation of cellulose II yields 
triacetate IT. 

4. Heterogeneous acetylation of cellulose IV pre- 
pared from cellulose II yields triacetate IT. 

5. It is suggested that heterogeneous acetylation 
of cellulose IV,;, and cellulose III,;, would yield 
triacetate I, while cellulose III,.;, would yield tri- 
acetate IT. 


Transformation of Crystal Structures 


Having obtained the two cellulose triacetate struc- 
tures, it is of interest to examine their stability and 
the conditions required for transforming one into 
the other. The introduction 
effect a lattice transformation 


of sufficient energy to 
might be accomplished 
by heat, mechanical action, or swelling. 


Thermal Action 


It has already been observed that both the tri- 
acetate I and II structures are preserved, and in 





TABLE I. Summary of Dependence of T 





fAcetylate heterog. 
| ——__——-— Triacetate I 
| (Low swelling) -- 


| 
.Reppt. 


| Acetylate heterog. 


Cellulose I 


(High swelling) 


| Acetylate 
f teuinteeel ceed Triacetate II 
| Homog. 


Acetylate 
Cellulose II ---- Triacetate II 

(All conditions) 

Acetylate 
Cellulose IV q1) —— 


- Triacetate II 
Heterog. 


Saponify— 


Saponif y— 
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fact perfected, during exposure to temperatures in 
excess of 250° C. To further examine the effect of 
heat, samples of heterogeneously acetylated cotton 
(cellulose triacetate I, melting point 310° C.) were 
heated to approximately 275° and 290°C., re- 
spectively, and then annealed for 8 min. above 
260° C. Another sample of the same material was 
melted by heating to approximately 315° C., followed 
by solidification and annealing for 10 min. above 
270° C. The X-ray diagrams are shown in Figure 8. 
It is apparent that the triacetate I structure is stable 
above 290° C., and even after melting still persists 
to some extent. However, a large portion of the 
melt has been converted to unoriented triacetate IT. 
This mixture probably results from lack of sufficient 
time to completely melt the triacetate I crystals. 
Coupled with the acetylation results, these data ap- 
pear to provide strong evidence for the existence of 
two polymorphic crystalline forms which can be 
highly ordered. Triacetate I exists over a wide 
range of conditions, with a very large amount of 
thermal energy required to transform it to triacetate 


IT. 


rial results in triacetate II, indicating this to be the 


The ordering of essentially noncrystalline mate- 
more stable form. 


Mechanical Action 


The effect of mechanical action was investigated 
by impact milling samples of triacetylated cotton and 
Arnel to the point of maximum flattening of the 
peaks in the X-ray goniometer curve. Judged by 
X-ray examination, the samples appeared essentially 


riacetate Structure on Cellulose Structure and Process History 


rSaponify————>_ Cellulose I 


Dissolve 


——- Triacetate IT Saponify————>Ceellulose I 


Triacetate II or mixture of triacetates I and II 


—— Cellulose II 


Saponify————>Cellulose II 


—Cellulose II 
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noncrystalline. However, heat treatment of the 
milled samples resulted in formation of large crystal- 
lites of the same structure as observed before milling 
(Figure 9). It must be concluded that mechanical 
degradation merely reduces the size of the crystalline 
material below the resolving power of the X-ray, and 
that these nuclei then serve as the pattern for re- 
building larger crystals upon introduction of sufficient 


thermal energy. 


Swelling Action 


It has already been shown that dissolving and 


reprecipitating triacetate I yields triacetate II. 
Treatment of triacetate I (heterogeneously acetylated 
cotton) and triacetate II (Arnel) with a variety of 
organic liquids which strongly swell the fibers, but 
do not dissolve them, has been investigated in order 
to determine whether the crystalline lattice may be 
destroyed or transformed before loss of the fiber 
form. Concentration was adjusted to a level as near 


ssolving concentration for the particular fiber 


> di 
at 25 


C. as possible; the liquids used and their 


The X-ray 


compositions are given in Table II. 


a 


Fig. 7. Saponification of cellulose triacetates I and II 
(a) Cellulose from heterogeneously acetylated cotton. 
and spun into fiber. 


a b 


(b) Cellulose from homogeneously acetylated wood pulp, 
(c) Cellulose from heterogeneously acetylated Fortisan 36 


281 


goniometer curves for randomized samples are given 
in Figures 10-15, and the corresponding crystalline 


index data, a rough measure of the lateral order 


attained, is given in Table III. Examination and 


comparison of these data lead to the following con- 


clusions: 


1. Transformation of the triacetate structures is 


not achieved by any of the swelling agents used, 
although these were present at concentrations suf- 


ficient to swell the fiber drastically. 
2. In the case of triacetate I where two concentra- 


tions of swelling agent were used, the higher con- 


TABLE II. Organic Liquid Compositions Used for Swelling 


Cellulose Triacetates 


Concentration, vol./vol 


rriacetate 
Organic liquid /diluent rriacetate I 


Methylene chloride /methanol 70 


Acetic acid/water 75 55/45 


Acetone /water 95 70/30 
60/40 


Dioxane /water 95 
Methanol /water 95 


1% NaOH and 10% 


sodium acetate for 16 hr. at 80° C. 


dissolved 


c d 


Fig. 8. Effect of temperature on stability of triacetate I structure (heterogeneously acetylated cotton). 


(a) 250° C. 


(b) 275° C. 


(c) 290° C. (d) 315° C. 
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centration was found to produce a greater increase 
in crystalline index, particularly after heat treatment. 
No major improvement in crystalline index of tri- 
acetate I is noted before heat treatment, however. 

3. Acetic acid and dioxane treatments resulted in 
pronounced increase in crystalline index of triacetate 
I after heat treatment, in contrast to acetone treat- 
ment, which inhibited increased index on heat treat- 
ment. 


e f 


Fig. 9. Effect of mechanical action on crystalline cellulose 
triacetate. (a) Heterogeneously acetylated cotton. (b) 
Sample (a) impact milled. (c) Sample (b) heat treated. 
(d) Arnel. (e) Sample (d) impact milled. (f) Sample 
(e) heat treated. 
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4. Triacetate II crystallization is relatively un- 
affected by these swelling agents alone, except in the 
case of acetone, where a moderate improvement is 
observed. 

5. Both acetone and acetic acid promote the re- 
sponse of triacetate I] to heat treatment, in contrast 
to dioxane and methanol, which inhibit the response. 
It will be noted that the contrasting actions of dioxane 
and acetone, for example, are directly the reverse, in 
triacetate II, of the actions observed in triacetate I. 
At present we are unable to advance any positive 
explanation for this behavior, although we believe it 
may be associated with the relative ability of the 
particular organic liquid to reduce the low order 
structures to a large number of highly ordered crystal 
nuclei. Heat treatment of such a material would 
result in a low crystalline index because of the large 
number of growth centers (i.e., small crystals would 
be formed ). 

Additional information on the effect of organic 
swelling agents has been obtained from experiments 
designed to swell the crystalline lattice reversibly, 
as described originally by Hess and Trogus [9]. 
These authors claimed that the triacetate I crystal 
could be swollen with liquids such as cyclohexanone, 
methanol, and chloroform/methanol, while the tri- 
acetate II crystal could not be so swollen. However, 
their triacetate I (triacetylated ramie) was a poorly 
ordered material, while their triacetate II] was rela- 
tively well ordered, leading to the suspicion that the 
swelling behavior might be a function of the degree 
of order rather than of the particular lattice involved. 
This point was examined by determining the lattice 
swelling behavior, in organic liquids, of well ordered 


TABLE III. Crystalline Indices for Solvent Treated Cellulose Triacetates 


Triacetate I Triacetate II 





Swollen— 
deswollen 
only 


Swollen— 
deswollen 
only 


Heat treated 
210° C.-2 min 


Heat treated 
Swelling liquid 210° C.-2 min. 


Composition 








0.92 x 


75/25 . 
0.62 3. 


55/45 


Acetic acid/water 


0.76 1.46 


2 
2 


Dioxane/water 95/5 


60/40 


1.22 sat 
0.84 0.78 
Acetone/water 95/5 


70/30 


0.76 


0.72 1.80 


Methanol /water 95/5 0.92 0.64 


Control 0.86 0.90 
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and poorly ordered triacetates I and II. Heterogene- 
ously acetylated cotton before and after heat treat- 
ment at 250° C. for 5 min. was utilized for triacetate 
I. Crystalline triacetate II of low lateral order was 
prepared from a stretched secondary cellulose acetate 
similar to that described by Work [18] by hetero- 
geneous acetylation to the triacetate. Heat treatment 
of this material at 250° C. for 5 min. gave a highly 
ordered triacetate II. 
hexanone were the swelling agents used. 


Dioxane, acetone, and cyclo- 
Table IV 
gives the composition of the swelling agents and the 
spacing of the equatorial diffractions, the first of 
which is the spacing most affected by swelling. It 
will be noted that neither of the well ordered (heat 
treated) materials show evidence of lattice swelling, 
while both poorly ordered materials give evidence of 
considerable swelling. Accordingly, the degree of 
order and not the type of lattice controls this type of 
swelling. It will be noted also that acetone, while 
not swelling the triacetate I structure appreciably, 
seems to crystallize a portion of the fiber to triacetate 
II, as noted by the appearance of diffraction arcs at 


TABLE IV. Equatorial Lattice Spacings for 


Triacetate I 





Low order High order 


Inten- 
sity 
(rel.)t 


Inten- 
sity 
(rel.)t 


Swelling agent 


v.s.(br) 


Control 


m. (br) 


Acetone /water 
95/5 


Dioxane/water 
95/5 


Cyclohexanone 


Swollen cyclohexanone, 
then deswollen in 
ether, methanol,water — 
(successively), vac. w. 


dried. 


s. (br) 


* Obscured by cyclohexanone liquid scattering. 
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8.57 and 6.70 A. 
crystalline material may be involved. 


The ordering of essentially non- 


Of particular interest is the swelling of triacetate I 
in cyclohexanone. Here the first equatorial diffrac- 
tion spacing is the same as that of cyclohexanone 
swollen triacetate I], and in addition two faint but 
well resolved equatorial spacings at 8.11 and 6.56 A, 
corresponding to the triacetate II structure, are ob- 
served. This indicates that a transformation, at least 
to a solvated triacetate II structure, has occurred due 
to the action of cyclohexanone ; the action of dioxane 
is similar. Removal of the cyclohexanone by suc- 
cessive displacement with diethyl ether, methanol, 
and water, followed by vacuum drying, appears to 
eliminate the spacings characteristic of triacetate IT. 
This confirms the findings of Hess and Trogus [8] 
as to the reversibility of swelling of the triacetate I 
lattice. However, it appears unlikely that triacetate 
II is formed and then reconverted to triacetate I on 
deswelling, as they claimed. Rather, a solvated tri- 
acetate II may be formed by distortion of the tri- 


acetate I lattice, but upon deswelling the molecules 


Triacetates I and II Swollen in Organic Liquids 


lriacetate II 





Low order High order 


Inten- 
sity 


(rel.)¢ d,A 


Inten- 
sity 
(rel.)t 


Swelling agent 





v.s. (br) 10.41 
m. (br) 8.56 
m. (br) 7 r.S. 6.85 
m. (br) 5.3 : 5.38 


Control 


Ss. 85 ,.S. 10.41 

Acetone /water m. 8. s. 8.33 
70/30 m. 6.64 

m. we. Ss. 5.23 


v.s. (br) 85 7% 10.63 
m. (br) g. 7.8. 8.33 
m. (br) , Ss. 6.70 
m. (br) 5.23 


Dioxane /water 
60/40 


v.s. (br) 3: Ss. 10.63 
m. (br) 8.33 Ss. 8.56 
m. (br) 6.70 
° 5.32 


Cyclohexanone 


+ v.s.= very strong, s.=strong, m.= medium, m.w.= moder- 
ately weak, w.= weak, br= broad. 
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are still so arranged as to most easily reform into the 
triacetate I structure. 


Unit Cell Considerations 


The ability to obtain highly ordered fiber diagrams 
of cellulose triacetates I and II has allowed some 
speculation concerning the unit cell dimensions of 
these materials. Tables V and VI show the meas- 
ured diffraction spacings of cellulose triacetates I 








Fig. 10. X-ray goniometer curves of cellulose triacetate 
before and after heat treatment. (a) Heterogeneously acety- 
lated cotton. (b) Sample (a) heat treated. (c) Arnel. 
(d) Sample (c) heat treated. 





TABLE V. Spacings of Cellulose Triacetate I 
This paper 


Hess and Trogus [8] 





Inten- Inten- 
sity * No. sity 
v.S. a Ao V.S. 

m.s. 
m.s. 
V.w. 


on uU 
me me Oh 


Ow em < 
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and II in comparison with similar data by earlier 
investigators. 

Observation of the fiber diagrams reveals that the 
unit cell length in the fiber direction is the same for 
both cellulose triacetates, and has a value of 10.5 A, 
very similar to that of native and regenerated cellu- 
lose. This indicates that one cellobiose unit is in- 
volved per repeat pattern. 

The relative positions of the diffraction arcs on 
the equator and the layer lines make it very probable 
that for both triacetates the two axes of the base 
plane (the lateral directions) are perpendicular to 
the fiber direction. Therefore the unit cells should 
be either tetragonal, orthorhombic, or monoclinic, 
again indicating a similarity to cellulose I and II. 

The methods of synthesis of cellulose triacetates I 
and II and the cellulose structures obtainable from 
them by saponification suggest a similarity of ar- 
rangement between triacetate I and cellulose I, and 


a b 


Fig. 11. Effect on triacetate structure of treatment with 
MeCl:/MeOH. (a) Heterogeneously acetylated 
(70% MeCle). (b) MHeterogeneously acetylated, 
treated cotton. 


cotton 
heat 





¢ 


Fig. 12. Effect on triacetate structure of treatment with 
acetic acid/water. (a) Heterogeneously acetylated cotton 
(75% acetic acid). (b) Sample (a) heat treated. (c) 
Arnel (55% acetic acid). (d) Sample (c) heat treated. 
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triacetate II and cellulose II. The relative position 
of the anhydroglucose chain atoms for each pair 
might be rather similar, the spacing between the 
chains increasing to accommodate the acetyl side 


groups. 
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Cellulose triacetate II shows considerably more 
diffraction arcs than triacetate I in the same range 
of spacings. This can be interpreted as showing that 


several spacings in triacetate I either are very nearly 
equal or are multiples of one another. 


TABLE VI. Spacings of Cellulose Triacetate II 


This paper Hess and Trogus [8, 9] Baker et al. [2] Happey [6] Susich [16] 


Inten- Inten- 
sity i No. sity oe No. 


bb 6 } & 
7) 

1o 
- 


» 


ailceiicsticsiiceiies 
Cre Cre Coe CPECT ECT 
« e 


Nh Ww Ww Ww 


o 


Inten- Inten- 
sity ‘ 10. sity 


m.s. diff. 


TABLE VII. Unit Cell Dimensions of Cellulose Triacetates I and II 


Dimension Triacetate I 


22.6A 
10.5 


(fiber direction) 


fi 

8 
No. of cellobiose units 
Calculated density 


Triacetate II Cellulose | Cellulose IT 


8 
10.3 
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Taking the above assumptions into consideration, 
dimensions of the base planes for triacetates I and II 
have been obtained by trial and error, using reciprocal 
lattice methods [3], accounting for all of the observed 
diffraction arcs. The dimensions of the proposed 
unit cells are given in Table VII, in comparison with 
cellulose I and II. 

The dimensions for triacetate II differ from those 
of Dulmadge [5], who proposed an orthorhombic 
unit cell where a = 24.5 A, b = 10.43 A, c = 11.56 
A. The calculated density of this cell is 1.295 g./cc., 
which is lower than the value of 1.315 g./cc. which 
we have measured for highly trystalline triacetate II 


" d 
Fig. 13. Effect on triacetate structure of treatment with 
acetone/ water. (a) Heterogeneously acetylated 
(95% acetone). (b) Sample (a) heat treated. (c) 
(70% acetone). (d) Sample (c) heat treated. 


cotton 
Arnel 


c d 
Fig. 14. Effect on triacetate structure of treatment with 
dioxane/water. (a) Heterogeneously acetylated 
(95% dioxane). (b) Sample (a) heat treated. 
(60% dioxane). (d) Sample (c) heat treated. 


cotton 
(c) Arnel 
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in a carbon tetrachloride/decalin density gradient 
column. The density data thus appear to cast con- 
siderable doubt on the Dulmadge structure. The 
density of highly crystalline triacetate I by the gra- 
dient column technique has been measured at 1.351 
g./ec. Thus the densities are in keeping with the 
proposed unit cell structures, since the triacetates are 
not 100% crystalline and therefore would have a 
lower observed density than the density calculated 
for the crystal. 

The doubling of the number of cellobiose units per 
cell as compared to cellulose I and cellulose II is, 
perhaps, surprising. However, recent electron dif- 
fraction work by Honjo and Watanabe [11] indicates 
that the a and c axes of the Meyer and Misch cell for 
cellulose I may be twice the generally accepted length, 
giving eight cellobiose units per cell. 


If true, this 
would require only a partial loss of symmetry on 


acetylation to achieve the proposed triacetate struc- 
tures, whereas doubling one of the basal unit cell 
dimensions of the Meyer and Misch cell in acetyla- 
tion appears less likely. 

It must be emphasized that the triacetate unit cells 
proposed are not the only ones which can be calcu- 
lated from the observed diffraction data. However, 
they attempt to utilize the additional considerations 
discussed above to support the dimensions chosen. 
Such factors as biaxial orientation, sharper patterns, 
more diffraction spots, the density of 100% crystal- 
line triacetate, and consideration of the diffraction 
patterns of other cellulose derivatives will be required 
to make proposed structures less ambiguous. 








c d 
Fig. 15. Effect on triacetate structure of treatment with 
methanol/water. (a) Heterogeneously acetylated 
(95% methanol). (b) Sample (a) heat treated. 
(95% methanol). (d) Sample (c) heat treated. 


cotton 
(c) Arnel 
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Correction 


In the article by Richard Steele (Factors Influencing the Drying of Apparel 


Fabrics. Part Il: Capillary Distribution) in the February issue, the tenth line on 


page 147 should read 


that which has a radius of kv cos 6/2p,g. 
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Stress-Strain Relationships in Yarns Subjected 
to Rapid Impact Loading 


Part V: Wave Propagation in Long Textile Yarns 
Impacted Transversely 


Jack C. Smith, Frank L. McCrackin, and Herbert F. Schiefer 


Textiles Section, National Bureau of Standards, Washington 25, D. C. 


Abstract 


The behavior of an infinitely long flexible filament after transverse impact is treated 


theoretically. 


The filament is assumed to have a tension-strain curve which is always 
concave downwards and to have no short time creep or stress relaxation effects. 


Under 


most conditions the impact initiates a variable strain that propagates down the filament 


between an “elastic wave” front and a ‘‘plastic wave”’ front. 


A transverse wave, shaped 


like an inverted “‘V,” then travels in the constant strain region behind the plastic wave 


front. 


Under special conditions the transverse wave front may propagate faster than 
the plastic wave front, but the shape of the transverse wave remains the same. 


The 


theory for both cases is worked out in detail and some illustrative examples given. 


Introduction 


The behavior of textile yarns held in clamps 40- 
60 cm. apart and impacted transversely was dem- 
onstrated and discussed in the fourth paper of this 
series [3,6,7,8]. The present paper deals with 
the theory of transverse wave propagation in yarns 
of infinite length where there are no clamps to re- 
flect the waves. The theory developed here will be 
used in future discussions of transverse impact. 

When a yarn is struck transversely, a strain wave 
is propagated along the yarn outwards in each 
direction from the point of impact. In the region 
between each of these wave fronts, material of the 
yarn is set into motion longitudinally towards the 
point of impact. This material is taken up by a 
tent-shaped wave of transverse motion which prop- 
agates outwards from the impact point. This be- 
havior is demonstrated in Figure 1, in which several 
configurations of a yarn after transverse impact are 
shown. The position of the longitudinal strain 
wave in each of the configurations is shown by the 
arrows. The backward flow of yarn material is 
indicated by the white tick marks. 

The configurations shown in Figure 1 were calcu- 
lated for a yarn composed of a Hookean material, 


‘ To be presented in part at the May 1958 meeting of The 
Fiber Society, Clemson, South Carolina. Also scheduled for 
publication in J. Research Nat. Bur. Standards, May 1958. 


using relations developed in this paper. The longi- 
tudinal strain wave velocity was 2500 m./sec.; 
Under 
these conditions a 2% strain is produced in the 


transverse impact velocity was 180 m. /sec. 


wake of the longitudinal wave front, and yarn mate- 
rial in the region between longitudinal and trans- 
verse wave fronts flows inwards at a velocity of 


50 m./sec. In the wake of the transverse wave 


front, which propagates at a velocity of 350 m./sec., 
the yarn material flows transversely at the impact 
velocity asshown. The time interval between each 
configuration is 40 X 10~® sec. 


Fig. 1. Configurations of a yarn after transverse impact. 
These configurations, 40 X 10~* sec. apart, were calculated 
for a yarn having a linear (Hooke’s law) tension-strain curve. 
Longitudinal strain wave velocity was 2500 m./sec. The 
positions of the longitudinal wave front in successive con- 
figurations are designated by the arrows. Impact occurred 
at the vertex of the transverse wave shown at the left, at 
impact velocity of 180 m./sec. The leading edge of the 
transverse wave propagates with velocity 350 m./sec. with 
respect to the unstrained yarn material. Inward flow of 
yarn material at velocity 50 m./sec. is shown by the white 
tick marks. There is no horizontal component of flow in the 
region of the transverse wave. 
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Transverse waves of the type just described have 
been discussed by Taylor and his associates [10]. 
Cole, Dougherty, and Huth [1] have treated the 
problem of transverse wave propagation in pre- 
stressed wires. Craggs [2] and McCrackin [4] 
also have discussed the problem for plastic-elastic 
strings, showing the effect of wave reflections and 
interactions. The problem of oblique impact of an 
elastic cable has been discussed recently by Ringleb 
[5]. The treatment presented here extends the 
work of these authors and makes use of concepts 
introduced by von Karman [11 ] and Taylor [9] in 
their treatments of longitudinal impact. 


Theory of Longitudinal Impact 


Longitudinal strain waves resulting from a con- 
stant velocity tensile impact do not necessarily 
have sharp wave fronts. According to von Karman, 
the strain increases gradually in the region between 
two wave fronts, an elastic wave front? propagating 
at velocity 


a a tar 
C. = C(0) = NAG? ) s 


€ 


| 
: 
| 


* 
}_— utliee) cos 
[+—— x' Udt(iee) cos 6 

Fig. 2. Configuration of positive half of filament ¢ sec 
after impact. Filament originally lay along the x’ axis and 
was struck with velocity V in the y’ direction. After ¢ sec 
the positive half of the filament has the configuration ABPOQ, 
after ¢+ dt sec. the configuration A*B*P*O*. The fila- 
ment is assumed to have strain ¢, and tension 7: in the trans- 
verse wave region ABP — A*B*Q*, and strain e, and tension 
T, in the region in advance of the transverse wave. (It is 
proved in the text that in most cases ¢2 = €,, 7: = T,.) Fila- 
ment material in the transverse wave moves vertically with 
velocity V; material in advance of the transverse wave moves 
inward horizontally with velocity W. The transverse wave 
front moves with velocity U relative to points on the un- 
strained filament, but the horizontal component of its velocity 
relative to the x’, y’ coordinate system is U(1 + e2) cos @. 
The point Q on the filament moves inward to position Q*, the 
location of the transverse wave front at time ¢ + dz. 
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and a plastic wave front! propagating more slowly 
at velocity 


Cp = Cle,) 


= Ji(Z)_. (2) 


In Equations 1 and 2, M is the mass per unit length 


: 2 3 : dT 
of the unstrained filament material; — 


de 


of the tension-strain curve, evaluated at zero strain 


is the slope 


in Equation 1 and at strain e, in Equation 2. In 
the wake of the plastic wave front the strain in the 
The value of 
€, depends upon the speed at which the filament is 
impacted longitudinally. 


filament has the constant value e,. 


The filament material in the wake of the plastic 
wave front flows in the impact direction at a veloc- 
ity uniform along the filament given by 


; sty ki a & gs ft : 
i = Pa (ee (3) 
M f VM \ de , Ji Cle)de 


For a filament impacted longitudinally at one end, 
W is the same as the impact velocity. 

In deriving the above equations, von Karman 
assumed a tension-strain curve that was always 


concave dewnwards. Tension-strain curves for 
textile yarns often have a concave upward portion 
which, however, is less pronounced in curves ob- 
tained at rapid testing rates. In addition, textile 
yarns exhibit creep and stress—relaxation phenom- 
ena. Such phenomena were not considered by von 
Karman. Despite this, von Karman’s treatment 
represents a notable advance over theories based on 


Hookean tension-strain behavior. 


Theory of Transverse Impact 


In the laboratory or observer's coordinate system, 


y’ denote the horizontal and vertical 
Let a 


along the x’ axis be impacted with velocity V in the 


let x’ and 


coordinates, respectively. filament lying 


y’ direction at the point where x’ = 0. The motion 


of the filament is to be described in terms of La- 


grangian Coordinates. That is, distances along the 


used as convenient 
designations for the wave fronts bounding the region of vari- 
able strain. They are not intended to characterize the com- 
plex recovery behavior of the material. For example, the 
theory holds for materials having .nonlinear tension-strain 
curves but which recover almost completely from large defor- 
mations. For these materials, the strain associated with the 
plastic wave is almost entirely elastic. 


? The terms “‘elastic’’ and “plastic” are 
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unstrained length of the filament are given in an 
x coordinate system, which before impact coincides 
with the x’ coordinates. The displacement of any 
point x of the filament at any time ¢ relative to its 
original position is given by &(x, ¢) for horizontal 
displacements and n(x, t) for vertical displacements. 
The location in the laboratory coordinate system of 
a point x on the filament is thus given by 


x’ =x + E(x, t) 


, 


y’ = n(x, t) 


(4a) 
(4b) 

Consider an element of the filament of unstrained 
length Ax. After impact this element is strained, 


and its new length measured in the laboratory co- 
ordinate system becomes 





axa/(1 ea =) + (2) 


The increase in length per unit length or strain e« is 
thus 


cn f(t+ #4) + (32) -1 (5) 


The angle @ which the element makes with the hori- 
zontal is given by 


1 On 


1+ €dx 


1+ (1 id sf) 


sin 6 = (6a) 


cos @ = (6b) 


The differential equations that govern the motion | 


of the small element are 


0°” O. aes a 
M > Pore (T sin @) (7a) 
2. 

Ox 


ue 


(T cos @) (7b) 


where M is the mass per unit length of the un- 
strained filament and T is the tension. By making 
use of Equations 6a and 6b these equations become 


a Me ee 

@ ax| M(i + 6 ox 

2 0 > ¥ 0é 

ioe | Ma+o (1 + =) 
Assume, as von Karman did, that the tension T 


is a function T(e) of the strain only, given by the 
tension-strain curve. For solutions in which the 


(8a) 


(8b) 
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strain, and consequently the tension, are constant 
along the filament, Equations 8a and 8b reduce to 


; Oe 
a2» =M(1 +e) dx 
x ae ee 
2 M(1 + e) dx 


(9a) 
(9b) 


€ and » must also satisfy Equation 5. 
For other solutions in which 7 = 0 (no transverse 
wave), Equations 8a, 8b, and 5 reduce to 


7 = 0 (10a) 
ee _ 1 oF 
02 M dx 
0§ 
Ox 


(10b) 
(10c) 


This is the case considered by von Karman, and to 
which his solution, Equations 1, 2, and 3 is ap- 
plicable. 

A combination of solutions for the preceding 
special cases gives the solution to the problem in 
which a long filament initially at rest along an axis 
in the x’ direction is impacted transversely at x = 0 
with velocity V. The boundary conditions that 
must be satisfied for the x > 0 half of the filament 
are § = 0 and n = 
xX =O, 


Vi atx = 0 and é=7= Oat 


A Simple Solution Usually Applicable 


Immediately after impact a train of longitudinal 
strain waves propagates outward along the fila- 
ment. The leading wavelet in the train, or elastic 
wave, propagates at velocity C, given by Equation 1. 
At points in advance of the elastic wave the fila- 
ment is unstrained. The elastic wave is succeeded 
by a series of other more slowly propagating wave- 
lets, each wavelet adding an increment to the strain 
in the filament. In the wake of each wavelet, 
material of the filament flows inward toward the 
point of impact at a velocity that increases as each 
wavelet passes. The velocity of each wavelet is 
proportional to the square root of the slope of the 
tension-strain curve; hence, in order that the wave- 
lets do not overtake each other, the slope of the 
tension-strain curve must decrease as ¢€ increases 
(be concave downward). The final wavelet in the 
train, or plastic wave, propagates with velocity C, 
given by Equation 2. The strain in the wake of 
the plastic wave front has the constant value €,. 
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Filament material in the wake of the plastic wave 
front flows inward at the constant velocity W given 
by Equation 3. 

For the simple solution discussed here, transverse 
wave motion of the filament occurs only in the 
wake of the plastic wave front. 
wave thus propagates with velocity U, which is 
less than C,. For the region in advance of the 
point Ut on the filament, where only longitudinal 
strain waves occur, von Karman’s solution [11] is 
applicable. This solution, satisfying the differen- 
tial Equation 10 and the boundary conditions 
&= —Wtatx = Utand § =Oatx = = 
written as follows: 


The transverse 


, may be 


For the region Cit <x < = 


For the region C,t < x < Ca 


7 = 0 (12a) 


To find the amount of motion in the & direction, 
consider a wavelet which increases the strain in the 
filament by an increment de. This wavelet propa- 
gates at velocity C(e) and arrives at point x at time 
t = x/C(e). The inward velocity of material flow 
is increased by an amount —C(e)de during time 
t—x/C(e). The distance ~ that point x moves 
inward is the integrated product of the velocity and 
time after arrival for each wavelet passing through 
the point x, or 


— { cw@lst- ile 
f a C(a) da 


= — Wle)jt+ ex (12b) 


where 


dT 
we 4 an 
(5-) (12c) 


= f C(a)da 
0 


and a is a variable designating strains along the 
filament in advance of the point where the strain is e. 

During the time interval between the arrivals of 
the elastic and plastic waves at point x, the strain 
is found as a function of x and ¢ by solving the 
following equation for e: 


C(a) = 


W (e«) (12d) 


C(e) = x (12e) 


For the region Ut < x < Cyt 


(13a) 


(13b) 
(13c) 


— Wt + ex 


€p = a constant 


In order to describe the motion in the transverse 
wave region (0 < x < Ut) it is necessary to find 
solutions of Equations 9a, 9b, and 5 which satisfy 
The most 
has the form 
7 =f+¢+At+ Bx + K, where f and g are non- 
linear functions of the variables t — x/V7T/M(1 + ©) 
and t+ x/vT/M(i + 6), respectively. 
the boundary condition that 7 = Vt at x = 0 gives 
Vt = f(0,t) + g(0,t) + At+ K. Inorder that this 
relation be satisfied, it is necessary that K = 0 and 
g(0,t) = —f(0, 2). 
same function except for sign, and 


the appropriate boundary conditions. 


general solution of Equation 9a 


Applying 


Therefore f and g must be the 


n = f(t —x/VT/M(1 + ®) 
—f(t+x VT/M(1 + ©) + Vt+ Bx 
The condition that 7 = 0 at x = Ut can be satis- 
fied only if f=0 and B = — V/U. 
V(t — x/U) 


Thus 7 = 
For this value of 7 and for a constant 


value of «, the most general solution of Equation 5 
¢ 


becomes § = x[v¥(1+¢)?— (V/U)?—1]+A(t) +4. 
The condition § = 0 at x = 0 requires that A(t) 
+K = 0. 
a solution of Equation 9b; thus, for the 
0cx<cUut 


The solution for — just obtained is also 
region 


n V(t — x/V) (14a) 
(14b) 
(14c) 


y—1] 


t=x(vV(1 + e)? — (V/l 


€ €2 = a constant 


The behavior of the negative half of the filament 
is the same as that just described except for the 
direction of wave propagation. 

The configuration of the positive half of the fila- 
ment at time ¢ after impact is shown in Figure 2 
by the line passing through the points A, B, P, Q. 
Filament material in the transverse wave region 
0 < x < Ut moves in the y’ direction, since = 0 
in this region. Thus points A, B, P moving with 
velocity V arrive at positions A*, B*, P* at the 
time ¢+dt. The 


with velocity U relative to points on the unstrained 


transverse wave front moves 
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filament. The horizontal component of the veloc- 
ity relative to the x’, y’ coordinate system therefore 
is U(1 + e€2) cos 6, and the wave front at point P 
advances a distance Udt(1 + €2) cos @ to point Q* 
in a time dt. Filament material in advance of the 
transverse wave front is moving inward with veloc- 
ity W, so that in time dt point Q moves a distance 
— Wdt to its new position Q*. 

The angle @ which the transverse wave makes 
with the horizontal is constant along the filament 
because st and rs 
0O<gx< Ut. 
straight line. 


are constant in the region 
The transverse wave is therefore a 
6 is given by either of the relations 


a 4 


+ €o U 


1 SRS SL 
= ma a~ (z) (15b) 
found by substituting Equation 14 into Equation 6. 

At the point x = Ut where Equations 13 and 14 
join, € and » must be continuous. Continuity of 


n is satisfied, since » = 0 for both solutions. 
tinuity of ¢ requires that 


sin 6 —- — (15a) 


cos @ = 


Con- 


U[V(1 + e)? — (V/U)P?-1]=¢6,U-—W (16) 

Horizontal and vertical components of the force 
must also be continuous. Equating the horizontal 
components gives 
T, — MUW = T: cos @ 

Tr: = 
= ——— 1 2? — (V/U)?_ (17) 
is. V(1 + €2 ( (17 
MU is the element of mass over which the trans- 
verse wave front passes in unit time, so MUW isa 
force equal to the change of longitudinal momentum 
per unit time. Equating the vertical components 
gives 

MUV = — T2sin@ 
TV 


titel (18) 


The velocity of propagation of the transverse wave 
U is found from Equation 18 to be 


U = Vis 

M(1 + €2) 

By appropriate manipulation of Equations 16, 17, 
and 18 it is possible to obtain the relation 


(19) 
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ea (20) 
ite i1+e 
The meaning of this relationship is illustrated in 
Figure 3, where a typical tension-strain curve is 
plotted. The long line extending from the point 
—1 on the strain axis up to and through any point 
, , T 
e, T on the tension-strain curve has the slope rae: 
€ 

The only values of T and « satisfying Equation 20 
must be given by intersections of this line with the 
tension-strain curve. In most cases of practical 
interest only one intersection exists, and Equation 
20 can then be satisfied by 


by €2 (21a) 


Tp (€p) = T2(€2) (21b) 


Suppose, however, that the tension-strain curve 
bends over as shown in Figure 3 until its slope for 
large values of « diminishes to or becomes less than 

T 
l+e° 
sets of «, TJ values would be obtained satisfying 
Equation 20. If a material having such a tension— 
strain curve were impacted transversely at low 
speeds, small values of « and T in the wake of the 
plastic wave front would be obtained. The slope 
of the tension—strain curve for these low values of « 


A second intersection is possible, and two 


is greater than , so the plastic wave front 


7 
1+. 


, the velocity 


Be: 

would travel faster than 2 
VM(1 + «,) 
At a higher impact 
velocity a strain €; is obtained at which the slope of 


U of the transverse wave front. 


the tension-strain curve is just equal to —. 
1 + ¢€, 
In this special case the plastic wave front and the 
transverse wave front are at the same position and 
move together at the same velocity. If the mate- 
rial is impacted at a higher velocity than this, the 
solution just given no longer applies. Thus a cri- 
terion for the applicability of the simple solution is 
ie (22) 
de l+e 


That is, the solution applies if the slope of the 
tension-strain curve for the material is not less than 


Y : : ‘ 
rat for all strains less than the maximum strain 
€ 
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€», obtained as a result of the impact. Within this 
restriction Equation 21 can be used to obtain the 
results given in the following section. A more gen- 
eral solution which includes the simple solution as 
a special case is given later in the text. 


Recapitulation of the Simple Solution 


If the tension-strain curve for the filament mate- 
rial obtained at rapid strain rates is always concave 
downward, if the material does not exhibit large 
stress relaxation or creep effects during a small time 
interval, and if the conditions of the impact are 
such that Equation 22 applies, the behavior of a 
flexible filament after transverse impact is described 
as follows: 

Immediately after transverse impact, longitudinal 
strain wavelets propagate outwards along the fila- 
ment. The outermost wavelet, called the elastic 
wave by von Karman, propagates at velocity 


= aa ( <) (1) 
a | a} ex 0 


The called the plastic 
Karman, propagates at velocity 


innermost, wave by von 


: 1 (dT 
= ( ? 
Cp Vit ( de ss “) 


In the region between the elastic and the plastic 


wave fronts the strain increases to ¢,, the maximum 
value obtained as a result of the impact. The 
strain remains constant at this value in the wake 
of the plastic wave front. 

As the strain wavelets pass a given point on the 
filament, material of the filament flows inward 
towards the impact point at a velocity that in- 


creases to the value 
v= f" mE aT (3) 
M da? j 


the flow velocity for material in the wake of the 
plastic wave front. 

The material in the wake of the plastic wave 
front forms itself into a transverse wave, shaped 
like a tent with the impact point at the vertex. 
The base of the tent spreads outwards with velocity 


I. 


+) (23) 
Pp 


Vu 


It should be noted that the velocity U is with 
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respect to a Lagrangian coordinate system; i.e., a 
system fixed to the filament, moving and extending 
with it. Inasmuch as filament material in the wake 
of the plastic wave front is in a strained state and 
moving, the velocity of the transverse wave front 
along the filament as seen by an observer in the 
laboratory would be (1 + «,)U — W. Similarly, 
the plastic wave front velocity in laboratory coordi- 
nates would be (1 + «,)C, — W. The elastic wave 
front propagates in an unstrained motionless me- 
dium and so would have the same velocity in both 
coordinate systems. 

Material in the transverse wave 
move in the horizontal direction, 
direction of the transverse impact. 


tent does not 
but only in the 
The velocity V 
of this motion can be expressed in terms of «,, U, 
and W by rearranging Equation 16 to obtain 

V = 


Vi+e)U?—-[+e«)U— WF (24) 


If the tension-strain curve for the material is 
known, it is possible to calculate tables of values for 
U, V,and Was functions of e,. Then, for instance, 
if the impact velocity is known it is possible to find 
the resulting strain ¢, and thus find the correspond- 
ing values of U and W. 


The General Solution 


When the impact velocity is very great, the trans- 
verse wave front in cases propagates more 
rapidly than the plastic wave front. A solution is 
then required which provides for a variable strain 
in the transverse wave 


some 


region. 
Consider a tension—strain curve which is always 


concave downward and whose slope eventually be- 


Tension-strain curve whose slope decreases 


to a value less than 
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T; ; ; 
comes less than —, where e,, 7, is the point on 


1+ € 
the curve such that pare TR 
de li+e 
shown in Figure 4. In the region where e; < € < €,, 
let this curve be approximated by a number of 
straight line segments drawn between the points 
€1, T1; €2, T2; --- €, Tp. Point e,, 7, represents 
the maximum strain and tension which are attained 
in the material as the result of an impact. 

For this approximate tension—-strain curve, con- 
sider a solution such as that depicted in Figure 5, 
in which the transverse wave is composed of a 
number of straight line segments. The wave front 
of the leading segment travels at speed U,; and the 
strain in the segment is €;. Wave fronts of suc- 
ceeding segments travel at decreasing velocities 
U2, U3, 
strains in these segments are €2, €3, --* €». In 
the region in advance of the transverse wave von 


Such a curve is 


U, and the successively increasing 


| 
| 
| 


Pp 


Tension-strain curve assumed in derivation 
of the general solution. 


IMPACT DIRECTION —> 


Fig. 5. Shape of transverse wave assumed in derivation 
of the general solution. 
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Karman's solution applies. 
Ci<x<o@ 


Thus, for the region 


n=t§=e€e=0 (25) 


For the region U;t < x < Cit 


(26a) 
(26b) 


No 0 
&o — W(e)jt+ x 


In the region of the transverse wave, the vertical 
displacement », in the mth segment will have a 
general solution of the form 


» KOSS Ee) 
+ ga(t + x/VT/M(1 + €n)) 
+v,(¢ —x/U,) +A,t + K, 


The boundary conditions to be satisfied are », = Vt 
at x=0, 9. = w-1 at x = 
x = Uj. 
K, = Oand that f, = g, = 0, and provide relations 
for evaluating the constants v, and A,. 7, thus can 
be expressed in the form 9, = v,(t — x/U,) + Anal 
which when substituted into Equation 5 gives as a 
general solution for &, 


U,?, and », = 0 at 
These boundary conditions require that 


xfv(i + €,)? — (v,/U,)? — 1)+A,(t) + K, 


Fig. 6. Configuration of filament ¢ sec. after transverse 
impact ; a—simple theory, b—general theory. 
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€, is a solution of Equation 9b only when h(t) is a 
linear function of ¢. 
expressed as 


Thus &, can conveniently be 


f, = — wa(t — x/U,) + Bat + Ka 


where 


Wr U, = v1 + €,)* _7 (VU, U,)* 2 1 


The boundary conditions to be satisfied are —, = 0 
at x= 0, & = &-i U,t, and & = — Wi 
+ ¢,U,;tatx = U;t. These conditions require that 
K, = 0 and provide relations for evaluating the 
constants w, and B,. 


atx = 


The solution for the transverse wave region thus 
can be written, for the interval Ust < x < Uj 
mn = v(t — x U;) 
&, = — w,(f — x U1) - Wit — 6, U4 
w,/U, = v(1 + «:)* — (2:/U,)? — 1 


U }1 T, re }1 f=. 
‘“"NMi+ea WM\de b 


. 1 dT 
Wi = f Viz da 


For the interval U;t < x < Ust 


=velt—x U:) — tty, (1 — Ue U;)] (28a) 


— w:(t —x/U2) — tlw, (1 — U2/U)) 


+ W, 6U,] (28b) 


V(1 + €2)? — (v2 


U,)? — 1 (28c) 
€ (28d) 
For any interval Un;iit < x Unt 
U.) 
k=n—1 


+t D0 ml — Unsi/Us) 


k=1 


%- = v(t — x 


U.) 


= — w(t — x 


k=n—1] 
— i{ DY weld — Uesi/ Us) 


| k=l 


> 


| 
+ Wy, = €,U | (29b) 


| 
| 


= V(1 + e.)* — (0./U,)? — 1 (29c) 


(29d) 


= €, 


For the interval 0 < x < U;,t, the equations are: 


Np = v,(t — x/U,) 


(30a) 


U;,) 


i W, -_ €,U, (30b) 


vV(I + «€,)° (30c) 


ey (30d) 


A point some distance down the filament thus is 
motionless until the elastic wave front reaches it. 
Subsequently the strain at that point increases, and 
the point moves inward horizontally at increasing 
velocity until the tip of the transverse wave reaches 
it. The strain is then ¢, and the inward velocity 
W;,. As the first segment of the transverse wave 
passes through the point, the trajectory of the point 
turns upward in a direction inclined to the vertical. 
As subsequent elements of higher strain pass through 
the point, the trajectory becomes less inclined, until 
at strain e, the direction of travel is vertical, parallel 
to the impact direction. 

The motion of filament material remains vertical 
in the region 0 < x < U,ft. There is no horizontal 
motion of material in this region because of the 
boundary that 
~ = 0. In the region of the strained segments 
€: < € < €,, some flow of material takes place along 
the horizontal direction. 


condition requirement at x = 0 


It is this flow that causes 
the trajectory of a filament point to be inclined 
from the vertical. The vertical and horizontal 
components of velocity of a filament point in this 
region are given by the coefficients of ¢ in Equa- 
tions 29a and 29b. 

Although for generality each of the strained seg- 
ments ¢, shown in Figure 5 has been assumed to 
have a different angle @, of inclination to the hori- 
zontal, it will be proved that the angles 6, are all 
equal and that the configuration of the transverse 
wave is a straight line. 

The displacements £,, », and the horizontal and 
vertical components of the tension are required to 
be continuous at each of the points x = Uy, --- 
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Unt, --+ Upt. At the point x = Ujt, & and, m 
are continuous by definition; continuity of the 
horizontal and vertical tension components leads to 
Equations 27d and 27e. Atx = U,tandatx = U,f, 
€, and », are continuous by definition. Equating 
horizontal tension components gives 


ae ees, 


k=n—l , U 
_ MU,|w, +> we( 1 —- ttt) 
~ Ur 


+W,- 4U | 


fa Un—1 , 
A © a. — sf + en? -  (7=) 


k=n—2 , 
i MU,| w.- +> wn (1 fn cust) 


k=1 Us 
+ W, _— als| 


or with the help of Equation 29c 


[x + € me | a + es) (3) 
T,- 1 r 2 
-[; + €n—1 amt ‘| 


x f+ «a? (GF) ep 
l n—1 


Equating vertical tension components gives 


7 v k=n—1 U, m 


k=1 
ie 1 n—l 


- 1 + €n—1 5 fae 
k=n—2 
= MUs| o0- 1 + “ U%; (1- 


T~1 rg} Un—1 
cc Mue| = (32) 


Manipulation of Equations 31 and 32 gives the 
relation 


T, at 
Fes uve | ( + €,) 


y 1 
-|; ade a = MU, ‘la + €n— 1) (33) 
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which through combining of terms, etc., reduces to 


1 i. "aye Fouad 


U.= M (en, — €n-1) 


(34) 
Equation 34 also holds when n = p. Dividing 
Equation 32 by Equation 33 gives a simple rela- 
tionship 

Vn Un—1 


(1 + «,)U, (1 + é€n-1) Un 1 


This relationship also holds when nm = p. Using 
Equation 6a, Equation 35 becomes 


v v, 
° a -~=-—sin8, (36) 


(it+e)U. (1+.6)U, 


Applying Equation 36 to Equations 30c, 29b, and 
29c and using Equation 6b gives the relation 


1 ( Wr ) rs 1 Wp 
1+ « ladle | * si, %, alae 1 


1 2 A" -" 
= 1 evi + «)*-( 7) = cos 6, (37 


At x = 0 the boundary conditions », = Vt and 
£, = 0 must be satisfied. The first of these condi- 
tions gives 


k=p—l 


Up “ie 
(i + ¢,)U, ~ (1+ e)(U, 


as k=p—l 
= —? Urailagi — & 
ast: | ~ -dahadiader ae 
++ a)Us| (38) 
By use of Equation 38, Equation 36 can be ex- 
pressed as 
ee. Bs V or 
(1 + «.)U, =+ (1 + 4) U1 
where = is an abbreviation for 


k=p—l 
r= Uesileess — &) 


Similarly, Equation 37 becomes 


1 Wy 
ac (tt+z) 


—— 
% 1 ge ls + rat | oo 
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Equation 39 is equivalent to a statement that each 
sin 6, has the same value, given by 


Vy 


siné@, = — > a ae > €6,)U, 


(42) 


= sin 6 


Similarly, Equation 41 states that each cos @, has 
the same value, given by 


| V 2 
“OS = ,/1 — = s6@ (43 
cos 6,, \! Eequessca co 4 


The configuration of the transverse wave, therefore, 
is a straigut line. 


The boundary condition ~, = 0 requires that 


att) + Wi-al,=0 (4 


i+ Utealif—- Vv 


So that Equation 44 can be put into the form 


Vev[24+(1+e)Ui PF-Lit+e)Ui—-Wif 46 


Equations 46 and 42 can be combined to obtain two 
different expressions for sin 6 and cos @ 


(1 on €6,)U, aad W, . 47 
r+ (14+ 6)U, «A 
(1+ €)U,; — W, 
>+ (1+ 6) U, 


cos 6 = 


(48 


Equations 31 through 48 now can be used to 


modify the solutions given earlier. Thus Equa- 


tions 30a and 30b become 


(1 + €»)x (49a) 
T+ (1+ 4) U1 


k=p—l 


a fay —_ ' os = Ui 
‘a {w, x w(t a ) 


+W,- Ui ihe 


P 


= {(1 + e,) cos@ — 1}x 
(1 + €6,)U, - W, 
= — {1 —(i + «)| aE TSA he (49b 
and Equations 29a and 29b become 


k=—n—1 
ae 
— A 


X cos@— [(1 + 4)Ui- wi) 


‘1 — (1 + «,) cos @}x 


ei)t+ite v,| 
f 


| | (50b) 
+ (i+ Us] | 


f (1+ «)Ui — @ 
| kn 1 
> 
Lg 


l 
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The equations just given are for the case in which 
the tension-strain curve is approximated in the 
region €: < « < «, by a finite number of straight 
line segments. The solution sought is the limit 
solution when the number of straight line segments 
approaches infinity and the length of each segment 
approaches zero. This limit solution is given in the 
following section. 


Tabulation and Interpretation of the 
General Solution 


Ut 


Vit — (tele 
S+ (i+ 0; 


For the interval 0 < x < 





(Sila) 
(di + e)U,— Wi _4e 
StU tal, x (51b) 


€» (S1c) 





~ {1 — (i+ | 
the interval U,t < x < Uit 


_ pl [Seo +0 raat} 
a Staite; 





|| (52a) 


eR = 
S+(i+e6)U 
= ((1 + €,) Ui as W,] 


1 — 369 )+ (1+ 4)Ui , 
S+ (iter 





ae] (1 6:)U1 — Wi a ‘ 
-{1 (1+ | Seo So: |: (52b) 


For the region U;t < x < @ the solution is given 
by Equations 25 and 26. The symbols used in the 
above equations have been defined previously, ex- 


cept for 
1 dT 
7 3 Wai ee da 


‘fia 
«VM da 


=W-—- W, (53) 


S(e) = da = W(e) — W, (54) 

The general solution given in this section differs 
from the simple solution given previously in that 
the strain in the transverse wave need not be con- 
stant. At low impact speeds the equations of the 
general solution reduce to those of the simple solu- 
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tion. The transverse wave then propagates in a 
region of constant strain in the wake of the plastic 
wave front. However, for a sufficiently high im- 
pact velocity and a tension-strain curve of the rizht 
shape, the case in which the transverse wave front 
and the plastic wave front coincide occurs. The 
velocity of propagation of these two wave fronts is 
U, and the maximum strain in the filament is ¢;. 
If the tension-strain curve is known, the values of 
U, and « for this special case can be found from 
Equation 27e. 

At higher transverse impact velocities the plastic 
wave front propagates more slowly than the trans- 
verse wave front. A region of variable straining 
therefore occurs in the transverse wave, and the 
general solution must be used. The shape of the 
transverse wave remains a straight line, but the 
propagation velocity no longer increases with in- 
creasing impact velocity ; it remains constant at the 
value U;. The velocity of propagation of the maxi- 
mum strained portion of the transverse wave Ll’, 
is the same as the plastic wave velocity C,, 
computed from Equation 2. 
value of the maximum strain, 


and is 
In order to find the 
or constant strain €, 
in the wake of the plastic wave front, the relation 


(55) 


V = v(St+(itenUi F—-[O+e)0i—-MP 


can be used. The value of S depends upon e,, so 


that if the tension-strain curve is known, the value 
of e, needed to give a required V can be found by a 
process of trial and error. 

At the transverse wave front, material of the 
filament is flowing inward horizontally with velocity 
W,. At the point in the transverse wave where the 
strain attains its maximum value e,, material is 
flowing inwards along the filament direction with 
velocity W. The quantity S represents the increase 
in velocity over W, due to the strain increase in the 
transverse wave region. 

The motion of filament points in the wake of the 
plastic wave front is most easily visualized as 
follows. Suppose there is a second filament, inex- 
tensible and fixed to the impacted filament at a 
point a great distance in advance of the elastic wave 
front. Let the end of this filament coincide with 
the impact point. After impact let the filament be 
constrained to move alongside the impacted fila- 
ment but without extending, so that its end no 
longer coincides with the impact point but recedes 
from it. To an observer at this filament end the 
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impacted filament would appear to have motion 
with velocity W. 

Although flow of filament material in the wake of 
the plastic wave occurs, there is no horizontal com- 
ponent of the flow velocity. A horizontal compo- 
nent of the flow does occur in the region where the 
strain varies; i.e., where e; < € < €,. The magni- 
tude of this velocity component is much smaller 
than W,, the horizontal flow velocity in advance of 
the transverse wave, and decreases to zero where « 
= €>. 

At low impact speeds, where the simple theory 
applies, the angle which the transverse wave makes 


with the horizontal can be found from the equation 


As the impai 
to the value 


os GO 


A is; 


negative angle and attains a greater negative 


value increased. At 


higher impact speeds, where only the general theory 


as the impact velocity is 


applies, 6 can be found from the relation 


(1 
A. 
The values of €;, U'), and W, are constants, but S 
increases as the impact velocity is increased Cos 6 
continues to decrease, and the value of @ becomes 
greater negatively. Thus, although the propaga- 
tion velocity of the transverse wave is constant for 
all impact speeds above a certain value, the slope 
of the transverse wave continues to change 
Figure 6a shows the configuration of the filament 
after a transverse impact of sufficientiy slow speed 
that the simple theory applies. Figure 6b shows 
the configuration after a higher speed impact, where 
only the general theory applies. As pointed out 
previously, the formula for U expresses the trans- 
verse wave velocity relative to a Lagrangian coordi- 
nate system. In laboratory coordinates, the dis- 
tance that the transverse wave travels along the 
filament in unit time is (1 + «,)U for the simple 
theory and S + (1 + «,)U for the general theory. 
The corresponding distances that the wave front 
travels in the horizontal direction are (1+ €«,)U — W 
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and (1 + €,)U1 — W,, respectively. These distances 
are labeled in Figures 6a and 6b. Thus it is seen 
how some of the relationships derived above could 
have been obtained very simply from a knowledge 
of geometry and an intuitive understanding of the 
problem. 


Examples of the Theory 


In order to illustrate the theory, the behavior of 
a filament after transverse impact is computed for 
two different hypothetical materials. The first ma- 
terial obeys Hooke’s law. Its tension-strain curve 


is given by 
(58 


As this tension-strain curve is a straight line of 


The 
elastic and plastic wave fronts both propagate with 
velocity C. U,V 


constant slope, the simple theory applies. 


, and W are given by 


61 


Curves of U/C, V/C, and W/C 


for the Hookean material are plotted in Figure 7. 


as functions ol « 


rhe solution of a transverse impact problem may 


be found from these curves by reading off the 


values of «,, U/C, 


i 


and W/C corresponding to a 
particular V/C. The value of C is determined from 
the Young’s modulus and density of the unstrained 
material. 

In order to illustrate a case in which the general 
theory applies, computations were made for a mate- 


rial whose tension-strain curve is given by 


s 


= 14 tanh 20¢ (62 


1 
M 


’ 


For this curve, plotted in Figure 8, the units ol 


T/M are arbitrary, and the strain ¢€ is expressed as 


a fraction of unity. The slope of the curve, initially 

The functional relationship (Equation 62) was chosen 
because tables were available that simplified the calculations 
The numbers 14 and 20 have no significance, and were chose 
only for convenience in plotting the curve. Other relation 
ships involving more familiar functions could have been used, 
T/M =a + be — 


arbitrary constants 


such as, 


Va? + #é, where a and }b are 
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280 arbitrary units per unit strain, continually de- 
creases and approaches a value of zero for very 


s. ( if and the quantity 


large strains. 
pas Sr 
M(1i + e) 
0.11221. 


The slope 


become equal to 12.308 at a strain of 


When e« is 0.20, the highest strain for 


HOOKE'S LAW 
qe c® 


FRACTION OF ELASTIC WAVE VELOCITY 


Se ee ee Ce a ae ee ee 
STRAIN IN WAKE OF PLASTIC WAVE. PERCENT 


ig. 7. Curves of U/C, V/C, and W/C as functions of «, for 


a filament having a linear tension-strain curve. 
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T T 


> 


T 


74 ARBITRARY UNITS 
n 
Te 


> 
[ 


n 
be 


ae —t 
6 8 0 


STRAIN, PERCENT 





Fig. 8. 


Plot of tension-strain curve given by 


r 
= 14t: 206¢. 
7; 14 tanh 20¢ 


Point of tangency with dotted line indicates strain and tension 
at which the slope of the curve equals T/M(1 + e). 


TEXTILE RESEARCH JOURNAL 


which computations were made, the slope is 0.37547. 
In the region 0 < x < 0.11221 the simple theory 
In the region 0.11221 < 


applies. CS € < « the gen- 


eral theory applies. 


y = 14 tanh 20€ 


FRACTION OF ELASTIC WAVE VELOCITY 


2 os 6 8 10 12 14 16 i8@ 20 
STRAIN IN WAKE OF PLASTIC WAVE, PERCENT 
and W 


tension-strain 


Fig. 9. 


for a 


Curves of U/C., V/G., 
filament with 


C, as functions 


of « curve given by 


V = 14 tanh 206¢ 


curves for filament having linear stress-strain curve 


Dotted lines show portions of similar 


STRAIN, PERCENT 


4 
x 

DISTANCE PARAMETER 
cr 


Fig. 10. 


Strain distribution along filament having tension- 


strain curve given by = 14 tanh 20¢, after transverse im- 


pact. If the filament is impacted, for example, with velocity 
0.151 C,, the strain increases to a value of 8% in the region 
between the elastic and plastic wave fronts and then remains 
constant. The plastic wave front in this case propagates at a 
velocity of C, = 0.388 C,; its position along the filament in 
distance parameter units is thus 0.388. The position of the 
dotted line gives the position of the transverse wave front, 
which in this case propagates at velocity U = 0.207 C,. 
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¥280 = 16.733 


The plastic wave velocity 


The elastic wave velocity C, = 
arbitrary velocity units. 
is given by 


i See 
Cp Nae\ iz 


) = 1280 sech? 20e, 


= C.sech 20c, (63) 


In the region 0 < ¢«, < 0.11221 the transverse 
wave velocity is given by 


T — [0.05 tanh 20e, 
+ «€,) ‘N  it+e 


When e, is equa! to or greater than 0.11221, the 
transverse wave velocity is constant at the value 
U, = 0.20967 C.. 

Filament material in the wake of the plastic wave 
front flows inward at a velocity given by 


ee age 
u => f Viv da da 


= 0.05 C, tan (sinh 20¢,) 


Patt 
l VG (64) 


(65) 


Figure 9 gives the curves of U/C., V/C., and 
functions of e, for this material. The 


° 
n 
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os 
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Fig. 11. Horizontal component of flow velocity at various 
points along the length of filament having tension-strain curve 


A fila- 


7 : : 
given by —_ 14 tanh 20¢, after transverse impact. 


ment impacted at velocity V = 0.173 C,, for example, has a 
strain in the wake of the plastic wave front of 16%. The 
inward flow velocity at various points along the filament 
between the elastic wave front and the transverse wave front 
at x/C.t = 0.210 increases to the value 0.0680 C,. In the 
wake of the transverse wave front the filament has changed 
direction, and the horizontal component of flow velocity, 
therefore, decreases abruptly to the value 0.0045 C, and then 
decreases gradually to zero at x/C = 0.081, the location of 
the plastic wave front. 
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dotted lines give portions of the corresponding 
curves for the Hookean material. 

Other behavior features of a material having the 
nonlinear tension—strain curve of Equation 62 are 
given in Figures 10, 11, 12, and 13. Figure 10 
shows the strain distribution along the filament 
after transverse impact at various speeds up to 
0.177 C.. The dimensionless parameter x/C is 
used as the abscissa. A particular value of this 
parameter, 0.6 for instance, can be interpreted as a 
distance down the fiber 0.6 as far as the elastic 
wave has propagated. Thus the strain in the fila- 
ment after a transverse impact at velocity of 0.151 
C. increases as shown up to a strain of 8% between 
the elastic and plastic wave fronts, and then re- 
mainsconstant. The plastic wave front propagates 
at a velocity of C, = 0.388 C, and the transverse 
wave front at a velocity of U = 0.207 C, for this 
case. ; t 

Figure 11 shows the horizontal component of the 
inward flow velocity for different points along the 
filament. The location of a point on the filament 
is designated by the same distance parameter used 
in Figure 10. The dotted line gives the inward 
flow velocity at the transverse wave front as a func- 
tion of the location of the transverse wave front. 
Consider, for instance, the case in which the fila- 
ment is impacted at velocity 0.173 C,. The strain 


1.0 


ANGLE © FROM HORIZONTAL , DEGREES 


. & 8S. 2 2 Soe 
STRAIN AT TRANSVERSE WAVE FRONT, PERCENT 


Fig. 12. Angle @ which transverse wave makes with hori- 
zontal plotted as a function of the strain (¢«, or «,) at the 


transverse wave front. Solid line: filament having tension- 
: : T ‘ 
strain curve given by ua 14 tanh 20e. Dotted line: fila- 


ment having linear tension—strain curve. 





Fig. 13. Configurations after transverse impact for fila- 


ment having tension-strain curve given by 


T 
- = 14 tz 206¢. 
u tanh 20¢ 


a—before impact; b—e, = 0.04, V = 0.110 C,, 6 
c—e, = 0.08, V = 0.151 C,, 0 = --42.5°; d—e, = 0.12, V= 
0.166 C,, 0 = —45.3°;e—e, = 0.16, V = 0.173 C,, 0 = —46.4°; 
f—-e, = 0.20, V = 0.177 C,, @ = --46.9°. Black dots in last 
three configurations show positions of plastic wave fronts. 


— 36.4°; 


in the wake of the plastic wave front is 16%. The 
flow velocity at various points along the filament 
between the elastic wave front and the transverse 
wave front at x/C,t = 0.210 increases to the value 
0.0680 C., as shown. As the filament is horizontal 
in this region, all of the flow is horizontal and 
directed inward. In the wake of the transverse 
wave front the filament has changed its direction. 
The horizontal component of the flow velocity, 
therefore, decreases abruptly to the value 0.0045 C.. 
It then decreases gradually to zero at x/Ct = 0.081, 
the location of the plastic wave front. Between 
the plastic wave front and the impact point the 
horizontal component of the flow velocity is zero. 

Figure 12 shows how the angle @ of the transverse 
wave varies with the strain e, in the wake of the 
plastic wave front. The solid line gives calculated 
values of cos 6 and @ for the material with the non- 
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linear tension-strain curve. The dotted line gives 
the values calculated for the Hookean material. 
The angle @ increases negatively very rapidly for 
small values of «,. Thus even at low values of ¢, 
and correspondingly low impact velocities, a well 
defined tent shaped wave may be expected. (For 
instance, if C, = 2400 m. and V = 0.026 C, 
= 62.5 m./sec., ¢p = 0.5% and @ = —21.75°.) At 
higher values of «, the configuration of the trans- 
verse wave does not change much. 


sec. 


This is illus- 
trated in Figure 13, where several configurations 
after impact are plotted for the filament having the 


nonlinear stress-strain curve. The locations of the 


plastic wave front on several of these configurations 
where ¢, exceeds 0.11221 are given by the black dots. 
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The Reaction of Formaldehyde with Wool and 
its Effect on Digestion by Insects 


J. R. McPhee 


Wool Textile Research Laboratories, Commonwealth Scientific and Industrial 


I 


Research Organization, Geelong, Australia 


Abstract 


Formaldehyde at pH 12 combines with at least 95% 


of the indole, 55% of the primary 


amide, 45% of the guanidyl, and 40% of the primary amino groups of wool in 30 min. at 


room temperature 
been obtained. 


No evidence for reaction with phenolic or glyoxaline groups has 
Wool treated in this way is resistant to attack from newly hatched and 


fully active larvae of the clothes moth (Tineola bisselliella Humm) and from newly 
hatched but not fully active larvae of the furniture carpet beetle (Anthrenus flavipes Le 


Conte ) 


Possible mechanisms for this effect are discussed. 


The treated wool shows 


increased resistance to alkali, acid, thioglycollate, trypsin, and soil micro-organisms, 


but the appearance, felting shrinkage, bursting strength, abrasion resistance, and yarn 


strength are unaltered. 


Introduction 

Formaldehyde reacts readily with proteins under 
a wide variety of conditions, the rate of reaction being 
much greater in strongly acid or alkaline solutions 
than at intermediate pH values [8]. When a protein 
is treated at room temperature with formaldehyde 
solution, an equilibrium is immediately set up with 
amino groups 


R—NH, + CH,O = R—NH—CH,OH 


The amino-methylol groups can then condense at 
rates depending on the reaction conditions with pri- 
mary amide, guanidyl, phenolic, glyoxaline, or indole 
groups of the protein to form R—-NH—CH,—R’ 
cross-links. stable to water 
at room temperature, in contrast to amino-methylol 


These cross-links are 


groups themselves, which are decomposed when 


formaldehyde-protein mixtures are diluted [9]. In 


strongly acid or alkaline solutions, formaldehyde can 
form relatively stable methylol derivatives with pri- 
mary amide, guanidyl, and indole groups [7, 8, 9], 
while it is possible that phenolic groups also react 
readily at high pH, since p-cresol binds formaldehyde 
at pH 11.5 but not pH 8 [9]. 

Combined formaldehyde usually can be estimated 
after mild acid hydrolysis of the protein, but there is 
evidence that only part of the formaldehyde which 
combines with wool under certain conditions can be 
recovered [25]. This is called “irreversibly bound” 
formaldehyde. 


A method for protecting wool from insect attack by 
reaction with 1% formaldehyde solution at pH 0.5 
for 20 hr. at 35° C. has been claimed by McLean & 
Traill [21], who made no further study of the re- 
action. The reaction of wool with formaldehyde for 
30 min. at 60° C. in the absence of acid [15] or for 
2 hr. at the boil in 0.5 N H,SO, [37] had no effect 
on the resistance to insects. 

This paper describes studies on the reaction of 
formaldehyde with woo! under a variety of condi- 
tions, with special reference to the reaction at pH 12 
and to the effect of the reactions on the ability of in- 
sect larvae to digest wool. 


Experimental 
Materials 
Fabric. 


reactions were carried out with samples from a 


Except for studies of fiber properties, all 


scoured, plain-weave worsted fabric made from 64's 
Merino wool. The fabric was purified by Soxhlet 
extraction for 6 hr. with petroleum ether, followed 
by Soxhlet extraction for 24 hr. in the cold with 
ethanol. It was then rinsed three times in distilled 
water, allowed to stand overnight in 0.001 N HCl, 
and finally washed in many changes of distilled water 
for 5 days. 

Loose wool. The base portion of a 56’s Cross- 
bred fleece was purified similarly, omitting the cold 
ethanol extraction. This was used for single fiber 
experiments. 
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Reagents. A formaldehyde solution of A.R. qual- 
ity was used. It was found to contain 37% (wt./ 
vol.) formaldehyde. All other reagents were of com- 
mercial quality. 


Methods 


Treatments with formaldehyde. Wool samples 
(7 g.) were wet out in vacuo in 60 times their weight 
of buffered formaldehyde solutions of the required 
concentrations (the pH 12 buffer used was 0.2 M 
Na,HPO, in 1 N NaOH). After shaking for the 
required time, the samples were rinsed three times 
in distilled water, allowed to stand in 500 ml. of 
0.01 N H,SO, for 10 min., and finally washed in 
distilled water (several changes daily) for 10 days. 
Variations of the washing conditions did not affect 
the amounts of formaldehyde bound or the properties 
of treated wool. 

For treatments on a larger scale, fabric samples 
(60 g.) were treated in 3 1. of formaldehyde solution 
in sodium hydroxide in a laboratory-scale winch dye- 
ing machine. The fabrics were then rinsed for 10 
min. in 3 1. of 0.01 N H,SO, and finally washed for 
15 min. in running water. 

Estimation of combined formaldehyde. The 
method of Swain, Kokes, Hipp, Wood, and Jackson 
[34] was used. This involved the removal of com- 
bined formaldehyde by distillation of treated wool 
with 0.1 M phosphoric acid (400 ml./g. wool), the 
distillate containing the formaldehyde being collected 
in 1% sodium bisulfite solution and the formaldehyde 
then estimated by a titration procedure. After the 
first distillation, 200 ml. of water was added and dis- 
tilled off until 5 ml. remained. At least two distil- 
lations were always necessary, and when more than 
about 1% formaldehyde was combined with wool, 
four distillations were needed to remove all the re- 
versibly combined formaldehyde [24]. Untreated 
wool gave a blank equivalent to 0.1% formaldehyde 
on the weight of wool. This has been allowed for in 
all the figures given. With all the treated samples 
used, the formaldehyde contents corresponded closely 
to the gain in weight of the samples during the treat- 
ments, showing that very little, if any, formaldehyde 
was irreversibly combined. 

Estimation of primary amino groups. The ninhy- 
drin method of Harding and McLean [13] was used, 
except that a 2% ninhydrin solution was made up 
with stannous chloride [26]. A calibration curve 
was determined with alanine. Maximum color de- 
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velopment was found to take 30 min. with wool, 
compared with about 20 min. for soluble proteins, 
and corresponded to 2.1 g. equiv. NH,/10* g. dry 
wool, which is close to the value found with the van 
Slyke method [16]. 

Estimation of primary amide groups. These were 
estimated by the method of Leach & Parkhill [19] by 
Dr. J. P. E. Human, C.S.1.R.O., Melbourne. 

Estimation of tyrosine, tryptophan, and arginine. 
Tyrosine and tryptophan were estimated spectropho- 
tometrically by the method of Goodwin and Morton 
[11] as used with wool by Simmonds [28]. This 
involved warming the wool in 1 N NaOH, which 
could remove some bound formaldehyde, so that 
methods of determining these amino acids on intact 
wool were also necessary. Tyrosine was also esti- 
mated by allowing the wool to react with diazotized 
sulfanilic acid, under conditions as given by Block 
and Bolling [3], then dissolving in 1 N NaOH and 
reading the color at 325 mu. 

Tryptophan and arginine were estimated by meas- 
uring the reflectance, on a Unicam spectrophotom- 
eter, of fabrics which had been colored by treatment 
with Erhtich’s reagent or Sakaguchi’s reagent respec- 
tively. Conditions for maximum color development 
were (a) Erhlich reagent—about 0.25 g. fabric was 
treated in 10 ml. reagent (2 g. p-dimethylamino- 
benzaldehyde in 100 ml. 20% HCl) for 30 min. at 
60°; (b) Sakaguchi test—0.25 g. fabric was wet out 
in vacuo in 5 ml. of 5% KOH, 10 ml. of a-naphthol 
solution (0.1% in 50% ethanol) was added, and the 
mixture shaken vigorously for 1 min. Ten ml. of po- 
tassium hypobromite (2 g. bromine added to 100 ml. 
5% KOH) was then added and the solution shaken 
0.5-1 min. Finally 5 ml. of 5% urea was added and 
the mixture shaken for 1 min. After the color had 
been produced, the wool samples were rinsed six 
times in distilled water, centrifuged for 2 min., and 
air dried. Reflectances were measured at 590 and 
480 mp for (a) and (b) respectively. 

The initial tryptophan content of the wool used 
was found to be 0.54 g. equiv./10* g. dry wool by the 
Goodwin and Morton method [11]; the initial ar- 


ginine content was taken as 6.0 g. equiv./10* g. dry 
wool from Simmonds’ data [28] on 64’s Merino 
The tryptophan and arginine contents of 
treated wool were calculated from these values and 
the measured reflectances, using the Kubelka and 
Munk [18] equation, which gives the relationship 


wool. 
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between the concentration of a dye on the wool and 
the reflectance of the fabric. 

Estimation of cystine. Wool samples (0.1 g.) 
were hydrolyzed in a mixture of 2 ml. 11.5 N HCl 
and 2 ml. 98-100% formic acid at 110°. Cystine was 
then estimated polarigraphically by the method of 
Stricks, Kolthoff, and Tanaka [33]. Untreated wool 
was hydrolyzed for 3 hr., but the maximum amount 
of cystine was not obtained in hydrolysates of for- 
maldehyde-treated wool until the time of hydrolysis 
was increased to 4.5 hr. The cystine content de- 
creased when samples were hydrolyzed for longer 
times. 

Alkali solubility. 
105°, cut into small pieces, and treated in 0.1 N 
NaOH solution (100 ml./g. wool) for 1 hr. at 65 


Fabric samples were dried at 


The residues were washed with 2 1. distilled water on 
sintered glass funnels and again dried and weighed. 
The percentage loss in weight of the samples is the 
alkali solubility [14]. 
hyde was removed during drying. 


less than 2% 


A small amount of formalde- 
This was always 
of the total amount of combined for- 
maldehyde. 

In other experiments, the rate of loss in weight, 
the rate of decomposition of cystine, and the formal- 
dehyde content of samples of wool were determined 
after 15, 30, 45, or 60 min. in 0.1 N NaOH at 65°. 
Each sample, after treatment for a given time, was 
washed on a sintered glass funnel with 2 1. distilled 
water, allowed to stand overnight in 500 ml. of 0.001 
N HCl, and finally washed with an additional 2 1. of 
distilled water. 

Acid solubility. This was determined in the same 
way as alkali solubility, using 4.5 N HCl! [38] in- 
stead of 0.1 N NaOH. 

Thioglycollate solubility. 
dried, cut into small pieces, and treated in thiogly- 
collate solution at pH 11 (8.7 ml. 10 N KOH added 
to 3.2 ml. thioglycollic acid and diluted to 400 ml.; 


Fabric samples were 


30 ml. solution used/g. wool) for 20 min. at 50°. 
The residues were washed with 2 1. distilled water 
on sintered glass funnels and again dried and weighed 
(Lennox, unpublished ). 


Fiber properties 


SUPERCONTRACTION.—Single fibers were mounted in 
setting frames and their lengths measured. They 
were then treated in (a) 5% NaHSO, solution for 
30 min. at 100° [29], (b) 75 g. LiBr in 100 ml. 
water (containing a crystal of thiosulfate to remove 
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traces of free bromine) for 1.5 hr. at 100° [12], or 
(c) 50% (wt./wt.) phenol solution for 20 min. at 
99° [36] and then washed for 2 hr. in running water. 
The percentage decrease in length, measured after 
drying, is the supercontraction. 

PERMANENT SET.—Single fibers mounted in setting 
They 


were then treated in boiling 2% borate solution for 


frames were measured and stretched by 30%. 


30 min., rinsed, and released for 1 hr. in boiling 
water. The percentage increase in length is the per- 
manent set imparted to the fibers [30]. 

WoRK REQUIRED TO STRETCH FIBERS 30%.—The ef- 
fect of treatments on the work required to stretch 
fibers 30% in distilled water or in 0.1 N HCl was 
determined by the method of Speakman [30]. 
BREAKING STRENGTH.—Fibers, conditioned at 65% 
R.H. and 21 


constant rate of loading on a Cambridge Extensom- 


, were broken by stretching in air at a 


eter. 

SwELLinGc.—Fibers were mounted on slides and the 
diameters at any one point of each measured under 
a microscope. Two drops of 98-100% formic acid 
was placed on each slide, and the increase in diam- 
eter at the given point was measured. 


Fabric properties. 


YARN STRENGTH.—The yarn was separated from 
fabric samples and the breaking strength determined 
on a Scott Tensile Tester, Model 1 P-2 Serigraph. 
The strength of each yarn sample (5 in. long) was 
divided by its weight, measured on a torsion balance. 
strengths were 
The re- 


sults are expressed in arbitrary units, no calibrations 


BURSTING STRENGTH.—Bursting 


measured on a Goodbrand testing machine. 


for the system having been made. 

ABRASION RESISTANCE.—Samples were placed in a 
Martindale tester and rubbed against stainless steel 
gauze (40 mesh) for 1000 cycles. 
of the samples was measured. 


The weight loss 


FELTING SHRINKAGE.—Fabric samples were relaxed 
in 0.1% soap solution at 40° for 30 min. and their 
areas measured. The changes in area after washing 
in 0.05% 


were then determined. 


soap solution at 50° in a washing machine 


Testing with Clothes-moth (TinBoLa) and Carpet- 
beetle (ANTHRENUS) Larvae 


Eight circular samples (1.5 in. diameter ; approxi- 
mately 0.3 g.) were cut from a fabric to be tested, 
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weighed, and placed in aluminium containers. Ten 
Tineola bisselliella (Humm.) larvae (21 days old) 
or ten Anthrenus flavipes (Le Conte) larvae (8 
weeks old) were placed on each of four samples, and 
all were then left in a room at 27° and 75% R.H. 
for 14 days. At the end of the test period, the larvae 
were removed and the samples brushed and weighed, 
the other four samples being reweighed as weight 
controls. 

Treated wool is considered to be insectproof when 
the weight loss of a piece of wool due to the feeding 
of 10 fully active insects for 14 days is not more than 
8-10 mg. The fabric then appears undamaged after 
it has been brushed free of dead larvae and small 
amounts of excrement. 

Adult moths and beetles were also allowed to lay 
eggs for 24 hours on treated fabrics, and the times 
taken to kill newly hatched larvae observed. 


Results 


Effect of pH on the Combination of Formaldehyde 
with Wool 


As expected, wool reacted with formaldehyde 
much more rapidly in strongly acid or alkaline so- 
lutions than at intermediate pH values (Table I). 
Treatment at pH 8 for 3 hr. with vigorous shaking 


introduced only 1.1 g. equiv. formaldehyde/10* g. 
wool, compared with 12.3 g. equiv. introduced in 30 
min. at pH 12. At pH 4, only 4 g. equiv. formal- 
dehyde were introduced after shaking for 24 hr. at 
room temperature, although 11 g. equiv./10* g. wool 
combined at pH 3.5—4 when treated at 70° for 4 days 
[7]. Reaction at pH 0.5 was slower than at pH 12, 
but much faster than at pH 4 or 8. The amount of 
formaldehyde bound at pH 0.5 was greater after con- 
tinual shaking for 4 hr. at room temperature in 8% 
formaldehyde than after a 20-hr. treatment in 1% 
formaldehyde at 35° with only occasional shaking. 


Resistance of Formaldehyde-Treated Wool to Insect 
Larvae 


Wool treated at pH 12 was mothproof when about 
10 g. equiv. formaldehyde/10* g. wool had combined 
(Table 1). However, less combined formaldehyde 
mothproofed the wool from the slower reaction at 
pH 0.5 and from the 48-hr. treatment at 50° at pH 
7.0. The few Tineola larvae which were alive on 
treated wool at the end of the 14-day test period had 
not increased in weight. When these larvae were left 
longer on the treated wool, no further loss in weight 
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of the fabric was observed. All the larvae died 
within a further 5-6 days, and none pupated. 

Formaldehyde-treated wool was not carpet-beetle- 
proof, although some resistance to attack was shown 
(Table 1). When Anthrenus larvae were allowed to 
continue feeding on treated wool after the 14-day test 
period, all died within 12 weeks. None pupated, and 
the total weight of wool eaten during the 12 weeks 
was about twice the amount eaten in 14 days. An- 
threnus larvae, when placed in a container with a 
sample of untreated as well as treated wool, fed and 
pupated as usual on the untreated wool without at- 
tacking the treated sample. 

Eggs laid on treated wool by adult moths and 
beetles hatched in the normal times (about 5 and 8 
days respectively). The newly hatched larvae (sev- 
eral hundreds on 5-in. square samples) caused no 
visible damage, moth larvae dying in 24-48 hr. and 
beetle larvae dying 8-10 days after hatching. 


Resistance of Formaldehyde-Treated Wool to Alkali 


The alkali solubility of wool was considerably re- 
duced by treatment with formaldehyde under all the 
conditions used (Table I). It is unlikely that any 
wool dissolved during treatments with formaldehyde 
at pH 12, as the amounts of combined formaldehyde 
corresponded closely with the weight increases of 
the samples. 

A control sample of wool lost about 3% in weight 
during a 30-min. treatment at pH 12, about 46% of 
the cystine being decomposed simultaneously (Table 
I). The‘cystine would have been converted into 
lanthionine [2], but this had little effect on subse- 
quent attack by 0.1 N NaOH at 65°, as the sample 
lost a further 11% in weight during the alkali solu- 
bility test. 

The control sample treated at pH 0.5 lost only 
about 0.5% in weight during treatment, but had be- 
come more susceptible to degradation by alkali 
(Table I). ‘This increased susceptibility was pre- 
vented by the presence of formaldehyde at pH 0.5, 
the alkali solubility of wool which had been treated 
with formaldehyde at pH 0.5 being very much less 
than untreated wool. 

As considerable amounts of combined formalde- 
hyde were removed from treated wool during alkali 
solubility tests, formaldehyde analyses were done on 
the residues, so that the true amounts of wool dis- 
solving in alkali could be determined. About the 
same amount of formaldehyde (3 g. equiv./10* g. 
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wool) remained combined on samples which had 
been treated at pH 0.5 or at pH 12. 

Figure 1 shows the rate of loss in 0.1 N NaOH 
of formaldehyde from treated wool and the rate of 
losses in weight of untreated and treated samples. 
About two-thirds of the combined formaldehyde was 
lost rapidly, but the remainder appeared to be stable 
to 0.1 N NaOH at 65°. 

Figure 2 is a plot of the log of the cystine content 
against the time of treatment in 0.1 N NaOH at 65°. 
The best fitting straight lines were calculated ; from 
their slopes the first order rate constants for the de- 
composition by alkali of cystine in untreated and 
treated wool were found to be 0.037 min.-* and 0.025 
min.~* respectively. 


Protein Groups Involved in Reactions with Formal- 

dehyde 

It was found that indole groups in wool react very 
rapidly with formaldehyde at pH 12 (Table I), 
about 93% of the tryptophan having reacted in 10 
min. No indole groups reacted at pH 8 at room 
temperature, but reaction at pH 0.5 was again quite 
fast, 78% of the total having reacted in 1 hr. (Table 
I). No more tryptophan reacted in 20 hr. at 35° 
than had combined in 4 hr. at room temperature. 


14 


Cc 
- 
o ™ 


o 


CONTENT (%)- 
t-4) 


FORMALDEHYDE 


° 15 30 45 


TIME (min. 


Fig. 1. Effect of 0.1 N NaOH at 65° on wool. A, O= 
loss in weight of untreated wool, B, A = loss in weight of 
wool which had been treated in 8% (wt./vol.) formaldehyde 
for 30 min. at pH 12.2, and C, @ = loss of combined formal- 
dehyde from wool treated for B. 


60 
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Guanidyl and primary amide groups also react 
rapidly at pH 12, more slowly at pH 0.5, and much 
more slowly again at pH 8. About 50% of the ar- 
ginine of wool had reacted in 30 min. at pH 12 or 
in 4 hr. at pH 0.5 at room temperature. Also, 55% 
of the primary amide groups combined with formal- 
dehyde in 30 min. at pH 12, and 46% reacted in 
20 hr. at 35° at pH 0.5. Formaldehyde combined 
with about 50% of the guanidyl groups and 10% of 
the amide groups during the 48-hr. treatment at pH 
7.0 at 50°. (Since the reaction products could have 
decomposed to some extent under the conditions 
used for analysis, these figures represent the mini- 
mum extent of reactions. ) 

The cystine contents of hydrolysates of wool 
treated with formaldehyde at pH 12 (but not at pH 
0.5) were lower than those of untreated wool. This 
could have been due to (a) decomposition of cystine 
by alkali during the formaldehyde treatment ; (b) re- 
action of formaldehyde with cystine during hydroly- 
sis; or (c) the reaction of formaldehyde with the cys- 
tine of wool. Reaction with the cystine in wool is 
unlikely, since no evidence for reaction between for- 
maldehyde and the disulfide bond of cystine itself was 
found under these conditions. Further, Middlebrook 
and Phillips [25] found that formaldehyde reacted 
with cystine in wool only at 70° or higher. The first 
of the above possibilities appeared correct when it 
was found that if wool samples were treated for 30 
min. at pH 12, with either half or twice the formal- 
dehyde concentrations used in the experiments of 
Table I, the cystine contents of treated wool were 


LOG (cystine) 


i 45 60 


5 30 
TIME (min) 


Loss of cystine in wool when treated in 0.1 N 


Fig. 2. 
NaOH at 65°. A, @ = untreated wool, B, A = wool which 
had been treated in 8% (wt./vol.) formaldehyde for 30 min. 
at pH 12.2. The curves have been shifted along the ordi- 
nate for clarity so that the figures relating to log (cystine) 
are not given. 1 division = 0.2 unit. 
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3.5 and 4.4 mole/10* g. wool respectively. That is, 
through increasing the initial rate of reaction by in- 
creasing the formaldehyde concentration, the extent 
of cystine loss was decreased. 

The tyrosine and tryptophan contents of the form- 
aldehyde-treated wool samples were the same as 
those of the untreated when estimated by the method 
of Goodwin and Morton [11]. This was to be 
expected if the reaction products were methylol de- 
rivatives of phenol or indole residues, since these 
compounds are easily hydrolyzed by alkali, but would 
not be the case if formaldehyde had formed new 
cross-links involving phenol and indole groups, since 
R—CH,—R' links would be stable to alkali [6]. 
Methylol phenols and indoles are reasonably stable 
to acid, so that the extent of reaction with tryptophan 
could be measured with Ehrlich’s reagent as dis- 
cussed above. Color reactions were also used to 
estimate tyrosine; it was found by means of the 
Pauly reaction that the tyrosine content of wool had 
decreased from 3.5 to 3.0 g. equiv./10* g. wool after 
treatment with formaldehyde at pH 0.5 for 20 hr. 
at 35°. 
decreased color developed by Millon’s reagent on 
this sample. 


This was confirmed qualitatively by the 


However, the colors developed by these 
two reactions on all the other formaldehyde-treated 
samples were the same as on untreated wool. 

Under the conditions of Macpherson [23], his- 
tidine gives more color, on a molar basis, with 
diazotized sulfanilic acid than does tyrosine [9]. 
However, no decreased color was found using this 
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test on any of the formaldehyde-treated wool samples. 

When amino groups were estimated by reaction 
with ninhydrin at 100°, differences were found be- 
tween treated and untreated wool only for the treat- 
ment carried out at pH 7.0 for 48 hr. at 50°, when 
it was found that 30% of the amino groups had 
reacted. The reaction with ninhydrin was then done 
at lower temperatures, when less color was produced 
on treated samples than was produced with untreated 
wool. The maximum differences were found when 
the samples were treated with ninhydrin at 35°. 
With untreated wool, maximum color had developed 
after about 40 hr., but this corresponded to only 
about half the amount of color produced at 100°. 
No decrease in ninhydrin color at 35° was found with 
wool which had been treated with formaldehyde at 
pH 0.5, pH 4.4, or for 15 min. or less at pH 12. 
With treatments for longer times at pH 12, or for 3 
hr. at pH 8, the ninhydrin color developed was about 
With the 
sample treated at pH 7.0, which showed a decreased 
ninhydrin color at 100°, the color produced at 35° 
was only about 20% of the control. Some amino 
groups therefore must be combined with formalde- 
hyde in certain treated samples. 

With samples treated for 20 min. or longer at pH 
12, and with the sample treated for 3 hr. at pH 8, 
probably 0.5-1 g. equiv. amino group/10* g. dry 
wool is combined. With the sample treated at pH 
7.0 for 4 hr. at 50°, about 1.5 g. equiv. are probably 
combined. 


60% of that produced by untreated wool. 


TABLE II. Fiber Properties of Formaldehyde-Treated Wool 


Property* 


Fibers from a loose wool sample 
treated 30 min. at roora 
temperature in 





Formaldehyde 
in phosphate 
at pH 12.2 


Untreated Phosphate 


at pH 12.2 





30% indexft (10) 
Ratio of work required to stretch 30% in 0.1 N HCl 
to that required in distilled water (10) 
Increase in diameter in 98-100% formic acid, % (25) 
Breaking strength (50) 
Supercontraction, %; NaHSO; (5) 
LiBr (5) 
Phenol (5) 
Permanent set, % (30 min. in borate at 30% exten- 
sion) (5) 


0.35 + 0.02 1.01 + 0.03 
0.66 + 0.03 
111 . 69 
7242 13 +2 
1 26 
43 44 
14 9 


4 12 


* Numbers in parentheses are the numbers of fibers taken to give the means and standard errors quoted. 
t Ratio of work required to stretch fibers 30% after treatment to that required before treatment. 
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Fiber Properties of Formaldehyde-Treated Wool 


The physical properties of fibers treated with form- 
aldehyde at pH 12 were virtually unchanged from 
those of untreated wool (Table II), although there 
were considerable differences between the properties 
of fibers treated in buffer alone and those treated 
in buffer containing formaldehyde. 

Fibers treated at pH 12 in the absence of formal- 
dehyde had a very low 30% index and a decreased 
breaking strength, swelled more in formic acid than 
untreated fibers, and also failed to take a permanent 
set or to supercontract in bisulfite. The only differ- 
ences between formaldehyde-treated fibers and un- 
treated were that the former took a slightly lower 
permanent set and did not supercontract as much 
in phenol. The supercontraction result is difficult 
to interpret, since when A.R. phenol from a previ- 
ously unopened bottle was used, untreated fibers did 
not supercontract. However, when a phenol solu- 
tion was made up from a bottle of phenol which had 
been opened and in use for some months, untreated 
fibers supercontracted 14%. Zahn [36] has reported 
that impurities in phenol inhibit supercontraction, so 
that the mechanism appears uncertain. 


Property 
Weight loss in moth test, mg. 
Alkali solubility, % 
Acid solubility, % 
Thioglycollate solubility, % 
Trypsin solubility, % 
Time of degradation by soil micro-organisms, 
days 
Area felting shrinkage, % 
Bursting strength, arbitrary units 
Abrasion resistance (loss in wt., mg., per 1000 
rev.) 
Yarn strength X 107? 
warp 
weft 
Cystine content, mole/10* g. wool 
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Fabric Properties of Formaldehyde-Treated Woel 


Wool treated with formaldehyde at pH 12 was 
considerably more resistant than untreated wool to 
moth larvae, alkali, acid, thioglycollate, trypsin, and 
soil micro-organisms. The appearance, felting 
shrinkage, bursting strength, abrasion resistance, and 
yarn strength were not significantly different from 
untreated wool (Table IIT). 

Wool treated at pH 12 in the absence of formal- 
dehyde was damaged in several ways. It was more 
susceptible to attack by acid, and the bursting 
strength, yarn strength, and resistance to abrasion 
were ail considerably lowered (Table III). The 
increase in susceptibility to degradation by acid was 
completely prevented by the presence of formalde- 
hyde in the buffer. 

Wool treated in buffer alone was almost insoluble 
in thioglycollate at pH 11, so it was possible that the 
decreased solubility of formaldehyde-treated wool in 
thioglycollate could have been due to the effect of 
alkali on the wool during treatment, which had re- 
sulted in a loss of 15% of the cystine (Table IIT). 
Wool samples of varying cystine contents were there- 
fore prepared and their solubilities in thioglycollate 


TABLE III. Fabric Properties‘of Formaldehyde-Treated Wool 


Fabric treated in lab. winch 
machine for 30 min. at 
room temp. in 


10% 
Formaldehyde 
in NaOH at 
pH 12* 


Untreated 
fabric 


Phosphate 
at pH 12 


40 35 
11.5 10.9 
9.8 31. 
11.6 1. 
10.5 7. 


10 
9 
50 
0.012 0.054 0.011 
135 104 128 
161 120 160 
4.6 2.6 3.9 


* Treated wool contained 10.1 equiv. formaldehyde/10* g. wool. 
+4 hr. in 5% trypsin at 30° after pretreatment for 20 hr. at 30° in 0.1 M caprate at pH 11—carried out by Mr. W. G. 


Crewther. 


t Fabrics partly buried in garden soil and time taken to rot at interface observed; results given are averages of tests by 


Dr. J. M. Swan and some carried out by author. 
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measured. Treatment of wool in 0.1 N Na,CO, for 
30 min. at 60° or 30 min. at 70° gave samples con- 
taining 3.8 or 2.9 moles cystine/10* g. wool respec- 
tively. The thioglycollate solubilities of these samples 
were 1.4% and 1.2% respectively. It appeared then 
that the decrease in solubility in thioglycollate of 
formaldehyde-treated wool could have been due to 
the conversion of some cystine into lanthionine by 
alkali as well as to reaction with formaldehyde. 


Extraction of Formaldehyde from Treated Wool 


Much of the formaldehyde which combined with 
wool at pH 12 was removed readily by aqueous solu- 
tions at higher temperatures. Boiling buffer solu- 
tions at pH 2-6 extracted 60% of the combined 
formaldehyde in 1 hr., and the amount extracted was 
greater still at pH >6 (Table IV). Combined 
formaldehyde was lost more slowly at 50°, but 
treated wool was not mothproof after a 1-hr. treat- 
ment in 0.5% soap at 50 


Discussion 


Previous investigations [1, 31, 32] showed that 
when wool was treated with formaldehyde solutions 
of lower concentratian than used in the present work 
but at higher temperatures and for longer times, 
changes in fiber properties occurred which indicated 
that new cross-links had been Also, the 
decreased solubility of formaldehyde-treated wool in 
alkali, first observed by Kann [17], has usually been 
With 
the possible exception of the increase in resistance 
to alkali, none of the properties of wool treated with 
formaldehyde at pH 12 at room temperature needs 


formed. 


considered to be due to cross-linking [1, 5]. 


to be interpreted as having been produced by cross- 
linking. None of the fiber properties differed sig- 
nificantly from those of untreated wool (Table IT) ; 
the differences in the properties of fibers treated at 
pH 12 in the absence and presence of formaldehyde 
may have been due to reaction with formaldehyde 
without cross-linking. However, since normal wool 
is already highly cross-linked with disulfide bonds, 
physical tests (Tables II and III) may not be very 
sensitive for the detection of small numbers of addi- 
tional cross-links. 

Formaldehyde-treated wool showed decreased sol- 
ubilities in alkali, acid, thioglycollate, and trypsin 
(Table III). The thioglycollate insolubility may 
not have been caused by formaldehyde (see above), 
and the trypsin insolubility could have been due to 
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simple reactions with amino or guanidyl groups 
which are essential for the digestion to take place. 

The increased resistance of formaldehyde-treated 
wool to alkali was not due to protection of cystine 
from alkali, since cystine was destroyed in formal- 
dehyde-treated wool at a not very greatly reduced 
rate (Figure 2). The resistance of formaldehyde- 
treated wool to dissolution in alkali or acid could 
have come from a small number of new cross-links 
or from a protective action of the combined formal- 
dehyde on certain easily hydrolyzed peptide bonds. 
However, it seems more likely to be due to cross- 
linking, since the introduction of only 1.1 g. equiv. 
formaldehyde/10* g. wool at pH 8 caused a 40% 
decrease in alkali solubility (Table 1). This com- 
bined formaldehyde appeared to have formed a 
cross-link between an’ amino and a guanidyl group, 
since about 1 g. equiv. of each/10* g. wool had 
reacted. 

Some amino groups evidently were involved in 
cross-linking at pH 12, as a decrease in ninhydrin 
color was observed in fabrics which had been washed 
thoroughly for 10 days. Amino methylol compounds 
involved in the equilibrium R— NH, + CH,O=R 
— NH — CH,OH in protein-formaldehyde reaction 
mixtures would have dissociated during the washing 
so that some amino groups 
R-—— NH — CH, — R' links, which are 


water at room temperature [9]. 


formed 
stable to 


must have 








TABLE IV. Extraction of Formaldehyde from 
Treated Wool * 


Combined Moth larvae test 
formal- — 
dehyde, 

equiv. /10* loss, 
g. wool mg. 


Wt. % 
Mor- 
Extraction procedure tality 
10.1 90 

0.5% soap solution pH 10.1 

50°, 1 hr.t 8.8 
0.5% soap solution pH 10.1 

50°, 2 hr.t 
White spirit, room temper- 


ature, 6 hr.ft 10.0 


pH 2 4.0 21 
pH 4 4.0 20 
pH 6 3.9 23 
pH 8 2.1 24 
pH 9 1.6 23 


* Wool treated as in Table III. 

t After each 15 min., wool thoroughly rinsed and immersed 
in fresh solution. 

t Samples dried for 15 min. at: 70° after each 15-min. ex- 
traction before immersion in fresh solvent. 


1 hr. treatment 
in boiling aqueous 
buffer at 
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Direct evidence was obtained that formaldehyde 
at pH 12 and pH 0.5 reacted with indole, guanidyl, 
primary amide, and primary amino groups of wool. 
The figures given for the extents of reaction would 
be minima since some combined formaldehyde could 
have been lost during the analytical procedures. 

It was also found that part of the tyrosine reacted 
at pH 0.5. 
would have reacted at pH 12, since p-cresol reacts 
readily with formaldehyde at pH 11.5 [9]; also, 


It was expected that some tyrosine 


phenols in general react rapidly with formaldehyde 
under acid or alkaline conditions. If tyrosine were 
involved in relatively stable R— CH, — R° links, a 
decrease in tyrosine content could be determined (as 
at pH 0.5), but if the tyrosine has simply been 
substituted with —CH,OH groups, these com- 
pounds could decompose during analytical tests and 
no decrease in tyrosine content would be observed 
(as perhaps has occurred at pH 12). It may be 
significant that in acid solution the conversion of 
methylol derivatives to methylene links is usually 
faster than their formation, but the reverse is true 
in alkaline solution [35]. Alexander, Carter, and 
Johnson [1] found that the tyrosine contents of acid 
formaldehyde-treated wool were 
of untreated but Brown, 


hydrolysates of 
lower than those 
Hornstein, and Harris [5] did not find a loss of 


wool, 


tyrosine in alkaline hydrolysates of wool which had 
been treated with formaldehyde under similar condi- 


tions. Determinations in hydrolysates are uncertain, 
however, because the formaldehyde reaction products 
could be hydrolyzed and because reversibly bound 
formaldehyde can react with tyrosine and histidine 
during acid hydrolysis [9]. In the present work, 
there is evidence for the participation of tyrosine in 
reactions with formaldehyde only in the treatment at 
pH 0.5 for 20 hr. 

When wool had been treated with formaldehyde 
at pH 12, the decrease in protein groups estimated 
was less than the amount of combined formaldehyde. 
Thus, about 12 equiv. formaldehyde/10* g. wool had 
combined, but only about 8 equiv. of reactive groups 
were lost (0.5 tryptophan, 3 arginine, 4 primary 
amide, about 0.5 primary amino). Evidently, some 
protein groups had reacted which were not deter- 
mined by the analytical methods used. These could 
have been some tyrosine, possibly histidine, and more 
amino, arginine, or primary amide groups. Possible 
reactions not investigated were with aliphatic hy- 
droxyl groups or with peptide bonds, but previous 
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work on proteins [6, 7] indicates that these were 
most unlikely to have taken place under the reaction 
conditions used here. 

In the wool which had been treated at 35° at pH 
0.5, rather more protein groups had reacted than the 
amount of formaldehyde which had combined. Thus, 
about 8 equiv. reactive groups/10* g. wool (0.5 
tryptophan, 4 arginine, 3 primary amide, 0.5 tyro- 
sine) were lost when 7.7 equiv. formaldehyde had 
combined. Again, it is likely that the number of 
protein groups which had actually reacted would be 
greater than found in the analyses, so that some 
cross-linking may have occurred. The fact that wool 
treated at pH 0.5 had a lower alkali solubility when 
less formaldehyde had combined than with treat- 
ments at pH 12 (Table I) probably indicates more 
cross-linking at the low pH. This was to be ex- 
pected, since much longer times of treatment were 
used at pH 0.5, allowing more of the slower cross- 
linking reactions to take place. With the treatment 
for 48 hr. at pH 7, about 5.5 protein groups/10* g. 
wool (0.5 tryptophan, 3 arginine, 0.5 primary amide, 
1.5 primary amino) had reacted, but the wool con- 
tained 4.5 formaldehyde. 
Cross-linking must therefore have taken place during 
this treatment, as was indicated by measurements of 
fiber properties by Speakman & Peill [31]. 

Previous work on mothproofing by the chemical 


only equiv. combined 


modification of wool has been mainly concerned with 
the conversion of disulfide bonds into more stable 
cross-links [10, 22]. It has also been observed that 
mothproofing effects can be produced by treatment 
of wool with cross-linking agents such as 1:5- 
difluoro-2:4-dinitrobenzene [37], by treatment with 
acetic anhydride, 1-fluoro-2:4-dinitrobenzene [39], 
or epichlorhydrin [4], and also by the binding of 
phenols to wool [15]. However, no mechanisms 
have been proposed for most of these effects nor for 
the formaldehyde reaction at pH 0.5 of McLean and 


Traill [21]. 


Possible Mechanisms of the Mothproofing Effect 


The total amount of formaldehyde combined does 
not cause the mothproofing, since much less com- 
bined formaldehyde mothproofs the wool when 
treated at pH 7 than when treated at pH 12 
(Table 1). The mothproofing effect could be due to: 

(a) the introduction of new cross-links. The re- 
sults in Table I indicate that formaldehyde-treated 
wool is mothproof when the extent of cross-linking 
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is such that the alkali solubility is 4.5% or less. 
These cross-links could prevent the digestion of wool 
by larvae by maintaining a cross-linked protein struc- 


ture after the usual preliminary stage of digestion, 
reduction of disulfide bonds [20], has taken place in 
the midgut. 

(b) reaction with groups in wool which are es- 
sential for the proteolytic enzyme system in the larval 
digestive tract to function. Possible essential groups 
to have reacted with formaldehyde are indole, amino, 
primary amide, and guanidyl. Reaction of formalde- 
hyde with indole groups does not produce the moth- 
proofing effect, since over 90% had reacted at pH 
12 before the wool became resistant. Also, reaction 
with amino groups does not appear to be necessary, 
since none had reacted at pH 0.5 under conditions 
where the wool had been mothproofed. Treatment 
at pH 7 for 48 hr. mothproofed wool but removed 
only 0.7 g. equiv. primary amide groups/10* g. wool. 
Since at pH 12 reaction with 2 g. equiv. of amide 
groups had occurred without resistance to moth 
larvae having been produced, it is unlikely that re- 
action with these groups causes the mothproofing. 
Wool is mothproofed when two or more g. equiv. of 
guanidyl groups/10* g. had reacted with formalde- 
hyde, so that it is possible that digestion in the larval 
gut cannot take place when more than about 30% 
of the guanidyl groups have reacted with formal- 
dehyde. 

(c) some of the reaction products of formaldehyde 
with wool being toxic when liberated during diges- 
tion. No information as to this possibility appears 
to be available at present. 

Whether the mothproofing effect resulting from 
the combination of formaldehyde with wool is due 
to one or more of these causes or to another not 
considered cannot be decided at present. Further 
work on the effects of chemical modifications on the 
digestion of wool by insect larvae may allow a much 
clearer definition of the digestive mechanism to be 
made than is at present possible. 
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The Amino Acid Composition of Keratins' 


Part V: A Comparsion of the Chemical Composition of Merino 
Wools of Differing Crimp with that of Other Animal Fibers 


D. H. Simmonds 


Biochemistry Unit, Wool Textile Research Laboratories, C.S1.R.O., 
Parkville, Victoria, Australia 


Abstract 


Two Merino wool samples having the same fiber diameter but differing widely in 
the number of crimps per inch of fiber length have been analyzed for amino acid com- 


position. 


They have been compared with single samples of human hair and kid- mohair 


to determine whether their composition could be related to their chemical and physical 


properties. 


content of the two Merino wools differed. 


Differences among the four fiber samples were detected in the case of the 
amino acids glycine, valine, leucine, cystine, and proline. 


However, only the proline 


According to the nature of their cortex and 


their chemical and physical properties, the four fiber samples could be arranged in 
the following order: human hair, high crimp wool, low crimp wool, and mohair [6, 14]. 
The results of the chemical analyses did not conflict with this arrangement. 


Introduction 


In the study of the bilateral structure of the wool 
fiber cortex, one of the main tools of investigation 
has been the examination of the effect of chemical 
attack on various properties of the fibers. The four 
fiber types reported on in this paper have been stud- 
ied intensively in this regard [4, 5, 6, 14]; on the 
basis of these observations, conclusions have been 
drawn regarding the nature of their cortices. The 
analyses reported here have been performed in order 
to see whether or not these results could be corre- 
lated with differences in the amino acid composition 
of the fibers. 

The four fiber samples examined form two pairs. 


1 The paper “Variations in the Amino Acid Composition 
of Merino Wool” [21] is to be regarded as Part IV of this 
series. Parts I, II, and III have appeared in Aust. J. 
Biol. Sci. 7, 98 (1954) ;..8, 114 (1955); 8, 537 (1955) 
respectively. 


The first includes a specimen of blond human hair 
(from a child aged 9) and one of Texas kid mohair ; 
these have been 
workers [4, 5, 6]. 


studied by Dusenbury and co- 
Both fiber types are essentially 
crimpless, the kid mohair having a waviness of very 
The studies of their 
dyeing behavior and response to chemical treatment, 
as indicated by changes in alkali solubility, tensile 
properties, and in swelling and birefringence, suggest 
that the cortex of human hair is essentially of the 
para and that of the mohair, of the ortho type. 


The second pair consists of two specimens of 


low frequency and amplitude. 


Australian Merino wool, closely matched in fiber 


diameter (22 » in each case) but differing in crimp 
level. 


The nature of their cortex has been investigated 
by the methods listed above [14]; both were found 
to have a bilateral cortex, but the high crimp wool 
(15 crimps/in. in the staple) exhibited the greater 
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resistance to degradation by acid than the low crimp 
wool (9 crimps/in.). The data available were in- 
sufficient to establish whether the difference between 
the two wools lies in the relative proportions of the 
two components present or 


activity. 


in their relative re- 
However, it can be said that the high crimp 
wool appears more like human hair and the low 
crimp more like mohair in terms of response to 
chemical attacks. 


Experimental 
Selection and Preparation of Samples 


The samples consisted of root-end portions of the 
fibers. They were cleaned by successive solvent 
extraction with methylene chloride or petroleum 
ether, and ethyl alcohol, followed by a wash in tepid 
water containing some anionic detergent. Vegetable 
matter and the impurities were removed by hand; 
the samples were then reextracted with alcohol, 
washed in several changes of distilled water, and 


air-dried at room temperature. 


Hydrolysis and Analytical Procedure 


Duplicates of each of the four fiber samples were 
weighed into thick walled pyrex hydrolysis tubes and 
treated with 10 ml. twice distilled, constant boiling 
HCl. The tubes were sealed and hydrolysis was 
carried out for 
100° C. 
Distilled water (10 ml.) was added to the residue; 


20 hr. in an oven maintained at 


Each hydrolysate was then freeze-dried. 


nitrogen determinations on these solutions were car- 
ried out by the micro-Kjeldahl technique. 

The weight of each sample taken was equivalent 
to 45-50 mg. of the dry fiber and gave a nitrogen 
concentration in the final solutions of approximately 
0.8-0.9 mg./ml. 
taken which gave a loading of 0.40—0.43 mg. nitro- 


Aliquots of these solutions were 


gen for the acidic and neutral columns and 0.55—0.57 
mg. nitrogen for the basic columns. 

Amino acid separations were carried out by the 
ion exchange chromatographic technique of Moore 
and Stein [17]. The separated amino acids were 
estimated by the ninhydrin colorimetric procedure 
described by Moore and Stein [16], modified as de- 
[19]. 


[20] was used to collect and measure 1-ml. fractions. 


scribed by Simmonds A magnetic balance 

Proline was determined by partially separating it 
from other amino acids on a 20-cm. column of Dowex 
50-X8 by the method of Simmonds and Stell [22 
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and Simmonds (in preparation) and estimating it 
with ninhydrin in glacial acetic acid—phosphoric acid 
solution [1]. 

Cystine determinations were carried out by Dr. 
J. P. E. Human of this laboratory, using an ampero- 
metric titration procedure [13], and also by the 
colorimetric method of Folin and Marenzi [9], as 
modified by Shinohara [18]. 

Since previous work [21] had shown that the 
methionine and tryptophan content of wool did not 
vary significantly from animal to animal or breed to 
breed of Merino sheep, and that these amino acids 
contributed only a small amount to the total nitrogen 
of the fiber, separate analyses for these substances 
were not carried out. 


Results 


Tables I and II give the percentage composition 


of the four samples in terms of their amino nitrogen 


as a percentage of the total nitrogen. Statistical 
analysis has shown that those amino acids grouped 
in Table I do not differ significantly among the four 
samples examined. In those amino 
acids listed in Table II, significant differences have 


have been shown to exist at the 5% 


the case of 


level around 
The 
level of significance for these differences is shown in 
the final column of Table II. 


those fiber means which are in bold face type. 


Discussion 


Since only one sample of each fiber type was ex- 
amined, any conclusions drawn from the analytical 
data must necessarily be restricted to that sample. 
The extent to which the sample is representative of 
the fiber type as a whole can be determined only by 
replicate analyses. With this restriction in mind, it 
is interesting to observe the general similarity among 
the four samples. Significant differences were de- 
tected in the case of the amino acids cystine, glycine, 
leucine, and valine at* the 1% 
at the 0.1% 


However, only in the case of proline were any 


level and in proline 
level. 


differences evident between the wool samples having 
high and low crimp values. Cystine analyses carried 
out by the colorimetric procedure of Folin and Ma- 
renzi [9], as modified by Shinohara [18], gave esti- 
mates having a similar ranking to those obtained 
by the amperometric procedure, although the result- 
ing fiber means were about 10% greater. 

The suggestion has been made that the proteins 
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[10, 12, 15] comprising the ortho and para segments 
of Merino wool differ in their chemical composition. 
Hair and mohair, on the other hand, do not show a 
clearly marked bilateral structure, and, as has been 
suggested in the Introduction on the basis of their 
behavior on staining and their chemical reactivity, 
appear to resemble respectively the para and ortho- 
cortical material of the typical Merino fiber [5]. 
That this is an oversimplification of the actual state 
of affairs is shown by the observations of Fraser and 
MacRae [11] that mohair, when stained with methyl- 
ene blue, does show differential staining similar to 
that of Lincoln Furthermore, Ward and 
Bartulovich [23] have been able to separate two 
types of cells from mohair digests by means of an 


wool. 


aqueous chloral hydrate density gradient column. 
At this stage it can be said that the amino acid analy- 
ses do not conflict with the ranking previously sug- 
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gested by the reactivity studies [4, 6, 14]—human 
hair, high crimp wool, low crimp wool, mohair. Just 
how far this classification reflects the varying propor- 
tions of ortho and paracortex in each fiber type, and 
to what extent it is general throughout the three 
types of keratin, can only be determined by the de- 
tailed examination of further samples of each type. 

It should be noted that the two amino acids known 
to confer increased susceptibility to acid hydrolysis, 
serine and threonine [3, 7, 8], do not differ signifi- 
cantly among the four samples. The high cystine 
and proline content of hair, however, may provide 
an explanation for its 
attack in acid solutions. 
quently occur in close proximity in keratin chains 
[2]; both may thus be required to provide the con- 


high resistance to chemical 
These two amino acids fre- 


figuration and cross-linking necessary to form a 
dense and resistant structure. 





TABLE I. Amino Acids Showing No Significant Differences at the 5% Level Among Fast and Slow Crimping 
Merino Wool, Human Hair, and Mohair 


Amino acid nitrogen expressed as a percentage of the total nitrogen. 


Merino wool 





High 
crimp 


Low 
crimp 
3.53 
6.64 
17.87 
3.94 
8.16 
1.62 
2.07 
3.82 
1.71 
6.48 
3.76 
2.20 


Amino acid 





3.68 
6.42 
17.52 
4.10 
7.30 
1.70 
1.86 
3.62 
1.74 
6.46 
4.08 
1.74 


Alanine 
Amide 
Arginine 
Aspartic acid 
Glutamic acid 
Histidine 
Isoleucine 
Lysine 
Phenylalanine 
Serine 
Threonine 
Tyrosine 


Standard 
error* 


Human 
Mohair 


3.80 
6.68 
16.52 
4.58 
8.89 
1.76 
2.29 
3.75 
2.06 
6.28 
4.06 
1.64 


* Based on means of two observations and three degrees of freedom. 





TABLE II. Amino Acids Showing Significant Differences Among Fiber Samples 


Amino acid nitrogen expressed as a percestage of the total nitrogen. 


Means showing differences 


between fiber samples are in bold face type. 


Merino wool 


High 
crimp 


Low 
Amino acid crimp 
8.09 
5.31 
4.85 
5.41 
3.88 


* Based on means of three observations. 


7.13 
5.76 
4.94 
4.60 
3.98 


Cystine 
Glycine 
Leucine 
Proline 

Valine 


Human 
hair 


12.07 
4.34 
3.94 
6.39 
4.16 


Standard 
error 


Significance 
level, % 


0.33 
0.06 
0.10 
0.06* 
0.09 
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Analyses for cystine and proline in wool samples 
of similar and differing crimp and total amino acid 
analyses of isolated histological components such as 
cortical cells derived from the ortho and para seg- 
ments of Merino wool should help to define more 
clearly the factors leading: to increased chemical 
resistance. 

An interesting observation on the results in Table 
I is that, although the results are not statistically 
significant in any one case, mohair is found to have 
a greater proportion of the acidic and basic amino 
acids than human hair. This would explain its 
greater affinity for both acidic and basic dyes and 
would (if we accept the thesis that mohair resem- 
bles the ortho portion of the Merino fiber in com- 
position) explain the greater affinity of the latter for 
these dyes. Human hair, on the other hand, has 
considerably less of the amino acids with ionic side 
chains than mohair and wool; this is reflected in its 
dyeing behavior. 
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Factors Influencing the Air Permeability of Felt 
and Felt-Like Structures 


Norman C. Davis 


American Felt Company, Glenville, Conn. 


Abstract 


Variations from the rated air permeability of filter fabrics have, in industry, resulted 
in impurities in the finished filtered product, inefficiencies of operation, and other dif- 


ficulties. 
of filters with varying degrees of success. 


Several investigators have sought to relate the fundamental characteristics 


In this paper, the tested air permeabilities of a random sample population are in- 
vestigated and their relationships to fabric density, thickness, and average fiber diameter 


are studied. 


A formulation, Y =C 1/X, is suggested and shown to be valid for the 


constant pressure drop across the filter at which the tested air permeabilities are re- 


corded. 


Introduction 


Air filtration has long been and continues to be 
an important feature of many purification processes. 
Various materials, such as dust, pigment, lint, etc., 
require different sorts of filter media, to handle the 
maximum air flow consistent with efficient removal 
of these materials. In order to regulate and control 
the properties of the filter medium itself, air perme- 
ability specifications are required. 

Air permeability is a complex function, dependent 
on a number of simultaneously variable characteris- 
tics. In nonwoven fabrics, these include weight, 
thickness, density, and the average fiber diameter of 
the blend used in its construction. It is the purpose 
of this paper to investigate these and their relation- 
ship to each other and to air permeability, specifically 
as they are encountered in wool felt and certain 
The 
method of test used in determining air permeability 
is that described in Federal Specifications CCC-T- 
191b, Method No. 5450 [4]. Weights and thick- 
nesses are determined according to ASTM D-461-51 
[2]. The method for density, percent specific grav- 
ity (actually an apparent density) is from Data 
Sheet No. 1 of the American Felt Company [1], 


and is based on the following formula: 


thermoplastic fiber bonded nonwoven fabrics. 


(wt., Ib./sq.yd.) X 2.136 
thickness, in. 


Density = 


The constant 2.136 is derived from the equation 


100 
2.136 = 1296 X 0.0361 


where 100 is the conversion to percent, 1296 is the 
number of square inches in one square yard, and 
0.0361 is the density of water, Ib./cu.in. 


Experimental 


The experimental data include the weight, thick- 
ness, density, wool content, and air permeability for 
the 73 wool felts indicated in Table I, 3 wool felts of 
Table II, and 4 thermoplastic fiber bonded nonwoven 
fabrics listed in Table III. Tables I and III are 
drawn from the Engineering & Research Standard 
Sample depository, used for quality control, and 
Research and Development Record No. 44 [4], both 
of the American Felt Company. The sample popula- 
tion of Table I is random for all felt properties tested, 
representing available samples from manufacturing 
during the period 1943-1955. 

In Table II are indicated three different wool felts 
of varying fiber compositions. In this table is shown 
the effect of thickness change upon air permeability, 
the density and blend remaining constant in each 
case, 

Results and Discussion 


Figure 1 presents the data of 73 wool felts in 
Table I, plotting tested air permeability in CFM 
sq.ft./0.5 in. H,O against thickness in inches. 
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TABLE I. Experimental Population 


Thickness, Perm., 
Item Lb./sq.yd. x Density % Wool Y 


0.605 .067 19.3 80 
0.93 .070 28 75 
0.96 .083 75 
0.76 .078 
0.76 .068 
0.815 .060 
0.38 040 
0.60 054 
1.03 087 
0.76 098 
0.44 049 
0.375 039 
0.845 066 
2.40 315 
0.461 049 
0.328 040 
2.00 341 
3.00 522 
0.44 047 
0.44 045 
0.96 .138 
0.518 070 
1.39 091 
0.89 { 062 
0.60 050 
0.86 073 
0.925 067 
0.65 059 
1.8 206 
0.855 .060 
0.66 051 
0.50 046 
0.606 054 
0.30 038 
1.575 .149 
0.537 040 
0.743 047 
0.296 .032 
2.01 A115 
0.85! 118 
0.57: .080 
0.21 040 
0.456 .061 
0.606 065 
0.500 .060 
1.6 .195 
1.12 113 
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The groups of densities in this graph illustrate the 
effect of density on the air permeability for any given 
thickness. Thus, if a straight line be drawn parallel 
to the horizontal coordinate, a progression of densi- 
ties occurs along that line, the high values being to- 
wards the left, descending towards the right. Quan- 
tifying this relationship is unnecessary, as will be 
shown by the approach indicated later. Further, any 
given density value is subject to displacement from 
an average position by variance in blends of fibers. 

For low densities, it can be seen from this curve 
that unit density encompasses a greater air perme- 
ability range than a similar unit in the higher densi- 
ties. For example, at any thickness, a change from 
a density of 10 to 11 will produce a greater change 
in air permeability than a change from 35 to 36 


density, at the same thickness. 


° 
~ 
= 
a 
b 
we 
g 
= 
we 
Uv 


GREATER THAN 
Yo SPGR. 


AIR PERMEABILIT Y, 








"1.00" 
THICKNESS, INCHES 


Fig. 1. 


Air permeability vs. thickness, showing the effect 
of density. 
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Further, the effect of unit change in density on 
the permeability becomes smaller as the thickness 
increases. Thus for example, at 0.040-in. thickness, 
the range of permeabilities covered for densities of 
from 11.2% to 28.75% specific gravity is from ap- 
proximately 700 CFM //sq.ft./0.5 in. H,O for the low 
density to only 50 CFM/sq.ft./0.5 in. H,O for the 
higher density, a total range of about 650 cu.ft./min. 
On the other hand, at 0.170-in. thickness, a density 
of 11.2% specific gravity produces 30 CFM/sq.ft. 
0.5 in. HO, and a density of 37.8% specific gravity 
produces a permeability of only 7.4 CFM /sq.ft./0.5 
in. H,O, a range of approximately 22.5 cu.ft./min. 

The curve presented by the points of Figure 1 
closely follow the formula 


(1) 


where Y = air permeability, CFM/sq.ft./0.5 in. 
H.O, C = a factor, and X = thickness, in. 
This is related to the D’Arcy equation, and to 
a modified version used by Cunningham et al. [3] 
in their work: 
—AP = Kw 


where —AP = pressure drop across the filter ele- 
ment, K = a factor dependent upon the geometric 
configuration of the filter element, u = 
cosity of the material being filtered, and . 


fluid vis- 
= super- 
ficial air velocity, based on the cross-sectional area 
of the filter element. 

The relationship between C of Equation 1 and 
the D’Arcy variant is shown by 


—AP 1. ~-AP 1 
ee rae ew 


Therefore 


TABLE I (continued) 
Thickness, 


Lb./sq.yd. X % Wool 


Density 








0.631 
0.42 
1.17 
0.708 
1.27 
0.663 
0.65 
0.535 
0.925 
1.42 


.250 
044 
085 
063 
108 
.066 
-105 
085 
062 
062 


5.391 100 
20.4 100 
29.4 75 
24.0 100 
25.1 90 
21.4 90 
13.2 32 
13.45 30 
31.8 75 
48.9 — 





Aprit 1958 


While the value of K in the D’Arcy equation is 
constant for relatively low flow rates, it is noted that 
as the flow rate rises, for any given set of condi- 
tions, the pressure drop increases uniformly only up 
to the point of transitional or turbulent flow, where 
the value of K changes [3]. In ordinary filtration 
practice the flow rate is kept constant, and as the 
filtered solids are built up on the filter medium the 
pressure drop is allowed to increase. The point of 
transitional flow (identified as Reynolds number, or 
that value of K which defines the relationship be- 
tween flow rate and pressure drop at the point of 
transition) may thus be approached or even passed. 
In such a case, the value of K is inconstant for the 
system, and yields ambiguous results in the evalu- 
ation of a given filtering medium. Reynolds number 
cannot be predicted except in very general terms, 
since it depends as much on the dimensions and sur- 
face characteristics of the filtering equipment as on 
the filter medium and the properties of the material 
being filtered. Utilization of a constant pressure 
drop, in the evaluation of filter media, eliminates 
the effect of turbulent flow, if none exists at the 
beginning of the operation of the system, since the 
effect of removed solids is to reduce the flow rate 
either to a point of unloading (leakage) or to 
impermeability. 

Constant pressure drop (0.5 in. HO) was used in 
this study, and a plot of log flow vs. log pressure 
drop exhibits linear flow for all cases tested up to 
the standardized 0.5 in. 


well beyond into 2 or 3 or more inches. 


H,O, and in many cases, 
The effect 
of thickness change, maintaining the standardized 0.5 
in. H,O, is to decrease the flow rate directly propor- 
tionately to the thickness increase. 

While it is probable that certain dense filter media 
yielding extremely low flow rates at 0.5 in. H,O 
pressure drop would exhibit turbulent or nonlinear 
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Density vs. permeability factor C. 
is that of Table I 


The population 
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flow, the materials here under study yielded no such 
effect for any of the flow rates or thicknesses tested, 
when tested at that pressure drop. 

Thus the present formula, Y = C(1/X), provides 
information for fabrics from two points of view; the 
air flow characteristics are as noted in this study, 
and the D’Arcy equation can be used validly for all 
pressures up to and including that standardized here, 
0.5 in. H,O. 
fined by either formula, nor can they be, since this 


The Reynolds numbers are not de- 


number is dependent as much on the filter equip- 
ment and particle size to be filtered as on any prop- 
erty of the filtering medium. 

The values for the factor C form a part of Table I. 
It will be noted from Figure 2 that C is constant 
within fairly specific limits for a given density, and 
from Table IV that C operates independently of thick- 
ness. The variation of C for any given density is 
shown to be dependent of the blend (Table IIT). 

Thus C for any given blend in a known weight and 
thickness can be used to determine the air perme- 
ability values of the same density fabric in any other 


thickness. Also, it is noted that as the density de- 


TABLE Il. The Effect of Thickness Change on 


Air Permeability * 


100% Wool, 1.045 Ib./sq.yd. Initial 
values for C for 3 thicknesses plied. 


Merchandise “A,” 
thickness 0.078 in > 
28.6% sp. gr. 
Calculated 

value of 


Total Tested 
thickness, permeability, 
X X Y Cc 
26.8 
6.40 13.3 
4.27 8.7 
’ 41% wool, 34% cotton, 23% 
Initial thickness 0.027 in. 


No. of 
thick- 


nesses 


2.07 
2.08 
2.04 


0.078 
0.156 
0.234 


Merchandise “B,’ 
2% sizing. 3.25 oz./sq.yd. 
sity 16.1% sp. gr. 
0.027 
0.054 
0.081 
0.108 
0.135 7.41 
0.162 6.17 


Merchandise “‘C,"’ 25% wool, 38% cotton, 37% rayon. 
Initial thickness 0.070 in. Density 11.4% sp. gr. 
0.070 174 12.20 


0.140 - 82 11.50 
0.280 3. 41 11.50 


rayon, 
Den- 


37.05 
18.52 
12.35 

9.25 


6 oz./sq.yd. 


1 
2 
4 


* The wool content as specified may be a mixture of virgin 
wool, reprocessed, and/or reused wools as defined by the Wool 
Products Labelling Act of 1939. The rayon referred to is in 
every case viscose rayon, of unspecified denier. 
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creased, the values for C increased. For example, 


from Table I: 


Item Density, percent 
no. specific gravity Cc 


76 5.391 140.0 
87 48.9 0.1238 


This same effect also is illustrated by Figure 2. 
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Fig. 3. 


Air permeability vs. thickness; varying values of 
permeability factor C. 


Merchandise ““D,” nylon/vinyon thermoplastic fiber bonded fabric; 7.265 oz./sq.yd. (0.454 Ib./sq.yd.). 
Density ranges of 10, 20, and 30% sp. gr., for four fiber deniers. 


and consequent thicknesses as indicated. 


Fabric Thickness, Density, 
no. X X % sp. gr. 
0.097 10.0 


0.048 20.0 


0.032 


Merchandise ‘‘E,” viscose/vinyon thermoplastic fiber bonded fabric; 12.3 oz./sq.yd. (0.77 Ib./sq.yd.). 


Density 50.0% sp. gr. 
4 0.033 30.3 50.0 
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The data presented in Table III were then investi- 
gated, C values for each fabric being determined. 
These felts were constructed under the research pro- 
gram covered by Research and Development Record 
44 of the American Felt Company, and were intended 
to determine to what degree, if any, fiber denier in- 
fluenced the air permeability. It was shown by that 
record that denier was a major controlling factor, the 
extent of the control increasing as the density de- 
creased. This same effect has been noted by Leitgeb 
and Wakeham [5]. 

Interfiber correlation of denier values effect was 
noted to be poor. This is a consequence of the term 
of reference, denier being the weight in grams per 
9000 meters of fiber. 
question were converted to average fiber diameter in 


Denier values for the fibers in 


microns, whereupon the proportional relationship of 
That is, C 


rises proportionately to the fiber diameter, all other 


C to fiber diameter in microns was noted. 


factors being equai. 

Calculation of the average fiber diameter for a 
given wool felt blend correlated well with the aver- 
age the perme- 
ability determined C value for the blend, as shown 


fiber diameter as calculated from 
in Figure 4. Table I presents wool percentages only ; 
the residual fibers most frequently encountered are 
cotton and/or viscose rayon, with silk, acetate, cattle 
hair, nylon, etc. representing the remainder of the 


TABLE Ill. Test Results of Fabrics Indicating the Effect of Fiber Diameter 


Initial thickness 


Fiber Tested air 
Fiber diameter, permeability, Calculated, 
denier ub Y Cc 


1.5 13.9 
3.0 19.4 
6.0 27.5 295 
15.0 44.0 610 
1.5 13.9 56 
3.0 19.4 115 
6.0 27.5 165 
15.0 44.0 325 
1.5 13.9 30 0.96 
3.0 19.4 66 2.11 
6.0 27.5 92 2.94 
15.0 44.0 172 5.50 


Thickness 0.033 in. 


105 
205 


10.02 
19.885 
28.61 
59.2 
2.69 
5.52 
7.93 
15.60 


3.0 16.7 
5.5 22.6 
15.0 37.4 
20.0 43.1 
40.0 64.0 


0.254 
0.394 
1.089 
1.650 
3.400 
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presented cases. 
silk. The low air permeability of this fabric is at- 
tributable in part to the high density, and also to the 
low average fiber diameter of the silk portion of the 
blend, this fiber having a micron diameter range of 
5-18, with an average of 11 yu. 

Figures 3 and 4 present all of the data graphi- 
cally, with some slight adjustment for uniformity 
of presentation. 


Item 87 blend consists of wool and 


It is to be presumed, for example, 
that such fibers as Dynel, cotton, Orlon,’ and others 
having cross sections not essentially round will have 
a higher coefficient of variation resulting from shape, 
distribution, and percentage in the blend than would 
fibers whose cross section is ideally circular, such 
as nylon. The surfaces of fibers such as acetate and 
viscose undoubtedly creates a different sort of turbu- 
lence in the immediate area of the fiber surface, due 
to the striations in these fibers. This may well, in 
the higher pressure ranges, result in a depressed 
Reynolds number, appearing as a lower flow rate 
than predicted for extremes of pressure drop. 

For uniformity, a pressure drop of 0.5 in. H,O has 
been used, however, and such conditions, if they 
exist, have not been specially noted. 
eral, 


Since, in gen- 
predicting from the graphed data provides a 
range of permeabilities which fall within the practi- 
cal density control limits of manufacture, closer de- 


lineation of the data would increase the predicting 


precision, but would not add to the pragmatic value 
of the present graphs. 
By inversion of the formula, 


TABLE IV 

Air per- 
meability, 
CFM /sq.ft 
0.5 in. H,O 


Wool 


Thickness, 
Item % in. 


Density, 
% sp. gr. 


66 41 0.040 
36 0.040 

30 0.040 

75 0.040 

65 0.040 

100 0.040 


698 
698 
107 
155 

27 


28.7 48 


— 
i —) 
wunea 


tw tw 
~~ => «~ 
a 
oo 


* The factor C is directly related to air permeability; den- 
sity and air permeability are less closely related, the influence 
of density being coupled with that of average fiber diameter. 
Both combined form the factor C, which is independent of 
thickness. 
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it is possible to determine the thickness needed to 
obtain some other permeability, when C for the blend 
and density is known, and to find C from one test, 
to obtain a basis from which specific alterations will 
produce known changes. Selecting C from Figure 
4, it is possible to determine a wide range of possible 
combinations of density, fiber blend, and thickness 
to produce a desired air permeability. 

To illustrate this, it is hypothecated that a certain 
application requires a 100 CFM/sq.ft./0.5 in. H,O 
air permeability, and that for one reason or an- 
other, a }-in. thick all wool felt is required. An 
estimate of C from Figure 3 yields the value 25. 
C = 25 equals 100 CFM for }-in. thickness. Thus, 
any combination of fiber diameter and density which 
yields a C of 25 will produce 100 CFM when } in. 


4 
thick. 


From Figure 4, then, the following combina- 
tions are seen to give C of 25. 


Average fiber 
diameter, u 
2.3 10 
8.0 20 

12.0 30 

15.0 40 

17.5 50 


20.5 60 


Density 


Summary 


Determining factors of air permeability through 
wool or synthetic fiber felts or felt-like products have 


been shown to be weight, thickness, density, and 


Fo 
Te —— 


~ 


DENSITY, %o SP.GR 


i i 
1.0 10.0 


PERMEABILITY FACTOR “c” 
Fig. 4. 


diameter in microns; influence on 


value of ( 


Average fiber 


1Du Pont trademark. 
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average fiber diameter. While density is the chief 
factor, average fiber diameter has been shown to be 
at least as important as the thickness. A perme- 
ability factor C has been hypothecated and shown 
to be valid, and the influence of fiber diameter on the 
value of C has been demonstrated and partially quan- 
tified. Practical application of permeability C has 


been suggested in the predetermination of fabric re- 
quirements to produce a given air permeability. 
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A Plowing Theory of Yarn Surface Friction 
E. J. Kaliski 


Carothers Research Laboratory, E. I. du Pont de Nemours & Co., 
Wilmington, Delaware 


Abstract 


Current theories of friction do not explain the fact that the friction of many fibers on 
typical guide surfaces is a function of the guide surface roughness. This friction has 
been found to vary inversely with increasing roughness within certain levels. In this 
paper a theory to explain the phenomenon is proposed. It is based upon work by 
Bowden and Tabor and others, in which the plowing of metal in front of a slider of a 
harder material than the surface upon which it slides is considered in addition to the 
shearing of junctions made between the two metals. An analysis by Bowden and 
Tabor, in which one hemispherical asperity is studied, is extended. A mathematical 
model of the friction effect is set up involving many asperities, all of equal radius. 
Plowing friction is then found to be an inverse function of the radius of the asperities 
and of the square root of the number of asperities. To test the relationship derived 
from this theory some introductory experimental work was done. The friction of yarn 
on two vastly different surfaces was measured. In addition, optical measurements 
were made upon these surfaces. A comparison of the measured friction ratio with the 
ratio based upon the surface studies gave a fair check, indicating that the theory in- 


volving plowing may indeed apply to fiber friction. 


Tue properties of most synthetic fibers are de- 
pendent, in part, upon stress-strain history during 
processing. Thus, the nature of yarn surface fric- 
tion is of more than academic interest. 

the friction of 


There is much information on 


fibers on various surfaces and various means of 
measuring this friction. This paper concerns itself 
with the particular phenomenon, frequently re- 
ported in that literature [7], that synthetic yarn 
friction is lower on a rougher surface than on a 
smooth one. Figure 1 (after Baird and Mieszkis 
[1 ]) shows this relationship. This dependency of 
yarn friction on surface roughness is a fact well 
known to those actively concerned with processing 
synthetic fibers, but it is not explained by the 
theory. The following is an attempt at rational- 
izing this behavior. A theoretical explanation is 
given and some experimental indications of its 


applicability follow. 


Theory 
A widely accepted theory of friction [2] assumes 
that the contacting surfaces meet on minute asperi- 
ties. These are loaded beyond their yield point, so 
that plastic flow takes place until the real area of 
contact is large enough to support the load. 


(1) 


where A = real area of contact, N = normal load, 
The 


theory then proposes that the contacting surfaces 


and p = yield pressure of softer material 


weld and that the friction force is the force neces- 
sary to shear the material with the lower shear 
strength. 


As (2) 


where F = friction force, S = force to shear junc- 


tions, and s = shear strength. 

If the coefficient of friction is defined as the rela- 
tionship between the normal and friction forces, 
combining Equations 1 and 2 yields: 


F As s 


N Ap > (3) 


= 
This is the classical friction law, Amonton’s Law, 
and one notes that it is independent of the gross 
surface area. For similar metals and hard surfaces 
and particularly for sliders of negligible thickness, 
there are experimental data giving good approxi- 
mation to Equation 3. 

For plastics, there is evidence indicating that this 


adhesion or shear theory holds. Transfer of nylon 
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to metal and metal to nylon has been observed 
by various investigators. Chapman, Pascoe, and 
Tabor [3], by examining the surfaces of nylon fibers 
with an electron microscope, found that the wear 
track width squared was linear with load from 10 g. 
to 10 kg. and that nylon on nylon behaved accord- 
ing to a curve 


F = ypN* = 0.91 N°-* (4) 


for the same wide range of loading. These findings, 
however, do not serve to explain the fact that the 
friction of nylon sliding on metal is dependent on 
metal surface finish. 

If the friction of a fiber is given by Equation 3, 
the belt friction formula must hold for angular 
wraps about surfaces. 


9 


= ev) cos } (5) 


where 7: = tension downstream of surface, 7; = 
tension upstream, wu = coefficient of friction, @ = 
angle of wrap in radians, and @ = helix angle in 
degrees. Experiments by Zimmerman and Au [8 } 
and also by this author [6] have shown the appli- 
cability of the belt friction formula to the processing 
of nylon tire yarn when an appropriate coefficient 
is used. These tests covered the speed range of 
practical commercial interest for 840—140 yarn es- 
sentially without liquid lubricant and on a particu- 
lar surface. The best friction formula, however, 
does not explain the relationship between finish of 
the surface and the friction force. 

Howell [5] applied the form of Equation 4 to a 
belt friction analysis and obtains an equation of the 
form 


300 tom 
INITIAL TENSION =) om 


COEFFICIENT OF FRICTION 


HCLA VALUE IN MICRO IN 


Effect of surface roughness on friction 
(after Baird and Mieszkis). 
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where p = radius of curvature of surface and 7; = 
initial tension. This equation may explain the de- 
viations from ordinary belt friction observed at low 
speeds and tensions. Bowden [5] has suggested 
that it also explains surface finish dependence if one 
assumes that a matte surface is one with smaller 
radii than a smooth surface where the undulations 
are comparatively large. This hypothesis of Bow- 
den’s, however, ignores the additive effect of a 
series of asperities; this should be considered in 
matte surfaces. 

Hansen and Tabor [4] have proposed a theory 
of yarn friction involving hydrodynamic lubrication 
and have supporting experimental data. This the- 
ory serves to explain the observed increase in fric- 
tion coefficient with speed (observable particularly 
at the lower end of the speed range). It might 
then be argued that the roughened-surface effect is 
analogous to the action of the hand scraped ways 
common to machine tools in which the markings 
appear to serve as miniature tapered land bearings 
and to aid in initiating hydrodynamic lubrication 
or some form of pseudo-hydrodynamic lubrication 
during the slip phase of a “‘stick-slip’’ action. If 
this should be true in yarn friction, one would ex- 
pect the coefficients of rough and smooth surfaces 
to approach the same value at higher speeds (or 
lower loads) where true hydrodynamic lubrication 
would exist. Then the friction would be independ- 
ent of the surfaces and would become a function of 

This 
Thus, 
an explanation of the effect of the surface finish 


film thickness, viscosity, and rate of shearing. 
latter condition is not known to the author. 


must be sought in terms of ‘“‘dry”’ friction. 
Where materials of dissimilar softness are encoun- 


tered, Bowden and Tabor suggest that a term may 


CONTACT AREA 


PLOWING AREA 


Lyf. 


CFRONT VIEW) 


{ FRONT VIEW) (ENO View) 


STATIONARY 


Fig. 2. 


MOVING 


Surface contact-of hemispherical asperity 
(after Bowden and Tabor). 
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be added to Equation 2 to take into account the 
forces required to plow material from in front of 
the harder asperities. This force is given by Equa- 
tion 7 


P = A'p’ 


where P = plowing force, A’ = area of cross section 
of track, and p’ = mean pressure to displace metal. 
The pressure p’ is probably in the order of p, and 
A’ is given approximately by Equation 8. Assum- 
ing a single hemispherical asperity (see Figure 2), 


(8) 


where C = chord length of segment and r = radius 
of asperity. 


Thus, the friction force becomes 


In attempting to get a physical picture of a 
mechanism by which a nylon thread has a lower 
coefficient of friction when passing over a roughened 
(matte) surface than over a smooth surface, let us 
expand upon the above theory and propose the case 
where the plowing term is of importance and there 
are m asperities all of radius r; compare it with the 
single asperity just described, where F = (shear 
area of one contact point) s + (plowing area of one 
contact point) p’. It is assumed now that the load 


N is distributed over m areas such that 


A = 


EA, 


This is the summation of nm contact areas to equal 
the contact area of the one-asperity case. 

The chord length of the segmental areas consid- 
ered for plowing (C;) is also the diameter of the 
individual real contact areas. We have assumed a 
uniform radius for all asperities and an equally 
The 


friction force in this case is F = (shear area of n 


distributed load. All of the » areas are equal. 


contact points) s + (plowing area of m contact 


points) p’. 


(10) 


cr (14) 


Combining Equations 10 and 11, 


Pa thee 


(12) 
rn} 


where K = 0.120. 

This last equation may be used to explain the 
higher friction observed for a smooth chrome sur- 
face versus a mattechrome. For equal sized asperi- 
ties, the greater the number the lower the friction. 
However, as the surface is polished the number of 
asperities first increases and their radii remain the 
same, decreasing the friction. Then a point is 
reached where the number of asperities starts to 
decrease rapidly; the radius of these increases until 
the ultimate surface has one asperity with the radius 
of the surface curvature. Initially, the real con- 
tact area is quite small compared to the apparent 
area, so the number of asperities may be increased 
without changing the radius. Only when the ap- 
parent area approaches the real area does the 
number of points affect the size of the points. (One 
should also consider the notion of a negative as- 
perity—a declivity where the plastic material has 
filled in and must be displaced. )! 

The preceding picture also serves to explain the 
other observed limit higher friction with too rough 
a surface. While the radius may be large on the 
obvious peaks, the net area may be insufficient to 
support the load until contact is made at the valleys, 
where the radius again is small. The lower limit of 
friction, of course, is given by the shearing term. 

It must be pointed out here that the foregoing is 
a simplification. It ignores surface contamination, 
molecular forces, electrostatic forces, time depend- 
ency, hydrodynamic forces, and other factors which 
certainly affect both the plowing forces and the 


shearing forces in the actual case. 


Experimental Work 


In the experimental work, static and kinetic co- 
efficient of friction tests were performed. The static 
tests were done by measuring the amount of fine 
lead shot required to start motion of a strand of 


840-140 nylon thread supporting two balanced pans 
‘It also must be noted that the presence of nubs or twist 


in the yarn will reduce the observed friction; one should also 
consider the case where the asperities are in the softer material. 
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from the test cylinder. The kinetic tests were done 
by measuring initial and final tension as yarn was 
pulled past a surface. The yarn presented to the 
test pin was always fresh, being delivered to the 
tester from a supply package and stripped to waste 
after the final roll. The kinetic tester was arranged 
so that the yarn was wrapped about a feed roll plus 
separator roll, then wrapped about a test cylinder, 
and finally about a draw roll plus separator roll. 
Sipp-Eastwood Tensiometers were mounted before 
and after the test surface. The draw ratio used 
was 1.0024: 1.000, or just enough to provide tension ; 
the speed range was 20-40 f.p.m. Because a ten- 
sion system at this speed requires about 5 min. to 
reach equilibrium, readings were taken after this 
time interval. A 360° angular wrap and a nearly 
zero helix angle were used; to minimize pretension 
effects, all runs were made with the same 66-g. gate 
tension weight and 5—7 wraps on the rolls. The 
“belt-friction” formula was used to compute coeffi- 
cients. For comparable results in the tests reported 
here, one lot of 840—140—-1/2Z was used throughout. 
The type of dressing (lubricant) used on this yarn 
is such that hydrodynamic lubrication does not 
occur and the Belt-Friction formula applies. 


TABLE I. Calculated Friction Coefficients 
Based on Shearing 


Material p (p.s.i.) X10"? s (p.s.i.) K10-3 p 


Steel* 135 0.6 
Nylon 23.9T y 0.4 


* Davis, Troxell, and Wiskocil, “‘Testing and Inspection of 
Engineering Materials,"” McGraw-Hill, 304 (1941). 

t Chapman, Pascoe, and Tabor, J. Textile Inst. 46, P3—22 
(1955); value for bulk indentation hardness. 

t “Du Pont Nylon Molding Powder,’”’ FM 1001. 


TABLE II. Static Coefficient of Friction Tests 
on Wire and Nylon 
Static 
coefficient 


Material of friction 





Piano wire, .014 in. dia. on mirror 

chrome, 2 in. dia. 0.3 
Piano wire, 0.14 in. dia. on matte 

chrome, 2 in. dia. 0.6 
840-140 nylon, 1/2 turns/in. on 

mirror chrome, 2 in. dia. 
840-140 nylon, 1/2 turns/in. on 
matte chrome, 2 in. dia. 0.2 


0.4* 


* This value obtained at the start of an extremely slow 
creep. 
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. Experimental Comparison of Metal 
and Nylon Friction 

The most general explanation of friction, the 
shear theory, is represented by Equation 3 above; 
however, this simple theory has been found deficient 
in explaining the results of numerous investigations 
in the field of fiber friction. It was considered of 
interest, therefore, to compute this shearing coeff- 
cient for nylon and to compare it with experimental 
data. As it was also known that, in the real case, 
a surface finish had a considerable effect on friction, 
the test was designed to include the two extremes 
of friction for nylon—the matte and the polished 
chrome. Furthermore, it was believed that a com- 
parison of an elastic string as opposed to a plastic 
string was appropriate to define further the actual 
case. For this reason, a piano wire was also tested. 

The calculated values for the shearing terms for 
nylon and piano wire (Equation 3) are shown in 
Table I. 

The results of a static coefficient of friction test 
are given in Table II. 

The nylon used in the static coefficient test deter- 
mination was tested for kinetic coefficient on the 
same surfaces, yielding the results shown in Table 
II. 

It will be seen that the shearing coefficient calcu- 
lation does give order of magnitude results, even 
though arbitrarily selected values for p and s are 
used. It will be seen also that the static and kinetic 
frictional behavior of a hard elastic string is con- 
siderably different from that of a soft plastic string 
and that the friction is indeed a function of the 
surface roughness. 


Experimental Check of Modified Friction Theory 


As a measure of the application of Equation 12 
in evaluating the effect of surface roughness, let us 
consider the results of coefficient of friction tests on 





TABLE III. Kinetic Coefficient of Friction Tests on Nylon 


Kinetic 
coefficient 
Material of friction 
840-140 nylon on mirror chrome, 
2 in. dia. 
840-140 nylon on matte chrome, 
2 in. dia. 


0.99* 


0.14 


* This value is only order of magnitude, due to the excep- 
tionally high friction which made testing difficult. 
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TABLE IV. Experimental Check of Modified Plowing Theory 


Friction test 
results 


Coeff. of 


friction 


Ratio of 


Surface coeffs. 


Polished chrome 
Matte chrome 


0.99 
0.14 7.1 


Optical measurements* and calculated results 


Average peak 
to valley 
microstructure 


Average peak 
to valley 


microstructure rn 


(in.), 7 (in.), 1/n factor me 
13 1.3 


340 2000 7.6 


* Optical measurements by H. Selz, Mechanical Development Laboratory. 


smooth and matte chrome surfaces. Assuming 
shear forces to be minor, all of the factors in the 
equations except r and m are the same, and the two 


cases should be related as follows 


Me r\n,! 
on ) 
= rs r) (13) 


It is not unreasonable to believe that r is propor- 
tional to the conventional RMS surface smoothness 
evaluation, which averages the depth of scratches. 
Furthermore, it should be possible to approximate 
n by interferometric means. 

Table IV shows the results of an experimental 
comparison of matte and polished chrome pins, using 


Be- 
cause of depth size variations and spacing, it was 


the friction tester and optical measurements. 


not possible to measure the distance between the 


microscratches. The asperity spacing has been 


that the number of 
microscratches per inch is inversely proportional to 
the peak-to-valley 


approximated by assuming 


measurement of the macro- 
structure. 

It will that model in- 
volving plowing forces proposed to explain the 
frictional behavior of yarn on surfaces of different 
degrees of finish is roughly checked in this experi- 
ment (test ratio 7:1 vs. calculated ratio 6:1). 


be seen the theoretical 


Conclusion 


A theory of yarn friction involving plowing has 
been proposed to explain the dependence of the 
friction coefficient on surface roughness. This the- 
ory indicates that yarn friction is an inverse func- 
tion of both the radius of the asperities and of the 
square root of the number of asperities. Initial 
experimental work on polished and matte chrome 
surfaces indicates that this theory may apply to 
yarn friction cases where boundary friction pre- 
dominates. 
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INDUSTRIAL SECTION 


The Tex Universal Yarn Numbering System 
A. G. Scroggie’ 


Chairman, Subcommittee B-6, A.S.T.M. D-13. 


Foreword 


The International Organization for Standardization, Technical Committee 38 on 
Textiles, has unanimously recommended the use of tex yarn numbers for yarns made 


from all types of fibers. 
of yarn. 


units include the millitex (mtx.) 


A tex unit is defined as the weight in grams of 1000 meters 
The tex yarn numbering system is a direct one, in which yarn numbers in- 
crease with an increase in size of the yarn, as in the denier system. 
for fibers and the kilotex 
cords, slivers, etc. to which the system is equally applicable. 


Supplementary 


(ktx.) for coarse yarns, 


Committee L—23, which handles ISO affairs for the American Standards Association 
(member of ISO for the U. S. A.), has asked Dr. Scroggie to prepare a brief resumé 
of the status of the tex system for the information of the textile industry in the United 


States. 


Dr. Scroggie was chairman of A.S.T.M. Subcommittee B—2 on Definitions when 
this group first recommended a universal yarn numbering system. 


He is currently 


chairman of Subcommittee B—6, the A.S.T.M. subcommittee for liaison with ISO/TC 38. 
He has been a member of the American delegations to the plenary ‘conferences of 
ISO/TC 38, and he writes with a detailed knowledge of all phases of this subject. 

Any questions regarding the tex yarn numbering system may be addressed to the 
American Standards Association at 70 East 45th Street, New York City, or to Dr. 


Scroggie. 


Tu E Textile Committee of the International Or- 
ganization for Standardization, at their meeting in 
Southport, England in 1956, unanimously agreed to 
recommend a universal yarn numbering system to 
be used by all branches of the textile trade for yarns 
made from all fibers. 


This is an important decision, 
marking a milestone in textile history, and everyone 
working in the industry should be familiar with its 
meaning and its implications. 


Use of Many Systems Long a Source of Concern 


The differences in the yarn numbering units asso- 
ciated with different fibers have been a cause for 


1E. I. du Pont de Nemours & Co., Inc., Textile Research 
Laboratory, Chestnut Run, Wilmington, Delaware. 


W. D. AppPeL 


Chairman, ASA Committee L—23 


concern among the leaders of the textile industry for 
many years; a universal unit was proposed as long 
ago as 1873. The subject was discussed in two sub- 
sequent international conferences held prior to 1900. 
Little progress was made, however, in reducing the 
existing confusion, chiefly, it is believed, because the 
industry was based on several natural fibers, each of 
which constituted a single large industry wholly self- 
sufficient ; there was relatively little intermingling of 
fiber interests. 


Increasing Importance of Adopting a Universal 
Yarn Numbering System 


In recent years, however, developments in the tex- 
tile industry have made the use of a universal yarn 
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numbering system much more desirable. These de- 
velopments include, particularly, the increasing use 
in many mills of several types of yarns normally 
numbered in different systems. The general in- 
crease in the use of man-made fibers, numbered in a 
direct system using denier units, by mills which had 
used indirect numbering systems for years, is well 
known. The blending of a variety of man-made fibers 
with cotton and wool to secure properties not avail- 
An- 


other modern need is that of research men in the 


able from a single fiber is familiar to everyone. 


textile field who require a simple method for ex- 
pressing fineness, tenacity, and other properties re- 
lated to size which will be applicable to all fibers 
regardless of their source. All work involving fibers 
numbered in more than one system would be simpli- 
fied by the use of a universal system. 

This increased interest in, and need for, a uni- 
versal yarn numbering system led to renewed ac- 
tivity in the subject in the early 40's, and it is be- 
lieved that the United States can claim credit for the 
recent developments,’ since these started with a pro- 
posal to sponsor a universal yarn numbering system 
presented to the American Society for Testing Ma- 
terials, Committee D-13. 


Status of “Tex” in the U. S. A. 


Following receipt of the report of the American 
delegation to the Southport conference of ISO/TC 
38 in 1956, A.S.T.M. Committee D-13, after careful 
consideration, agreed to endorse the ISO recom- 
mendations and to replace all references to grex 


numbers with tex numbers in currently approved 


A.S.T.M. standards and in the official yarn number 
conversion table sponsored by Committee D-13. The 
revised standards were printed late in 1957 [4] ; simi- 
The rec- 
ommendation is now clearcut, and the time has come 


lar action is being taken by other nations. 


for industry and technologists to take steps to imple- 
ment the recommendation. 

All readers will recognize the decision reached at 
Southport as a tremendous, possibly momentous, 
step in textile technology, the ultimate effects of 
which we still can merely visualize. 

The steps leading to the ISO decision (see the 
tabulation in the Appendix) show that it was not 
made on the spur of the moment without careful con- 
sideration and adequate discussion, nor was it made 


2A record of the action taken by the ISO/TC 38 at suc- 
cessive meetings is given in the Appendix. 
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as a result of an emotional stampede stimulated by 
a gifted orator. It was a careful, considered deci- 
sion, reached by well qualified men representing all 
the important textile nations of the world. As such, 
the subject warrants careful study and consideration 
by all people engaged in the textile industry and by 
everyone interested in the general welfare of the 
industry. 


Advantages of a Universal Yarn 
Numbering System 


The implications of this decision are far-reaching, 
and when fully adopted, we can expect, among other 
advantages, the following : 

1. Yarn spinning calculations will be simplified, 
since all stages of yarn preparation would be based 
on a single basic system applicable to laps, slivers, 
rovings, and yarns. This will materially simplify all 
draft calculations, as shown on page 334. 

2. The linear density * (number, size, fineness, 
coarseness ) of all fibers can be expressed in the same 
units, which will simplify greatly studies of blends 
and the correlation of important fiber properties. 

3. The linear density of all yarns, regardless of 
fiber type, will be expressed in the same units; no 
conversion factors will be needed. The use of a 
direct system will, of course, simplify all calculations 
involving plied yarns which, in the case of indirect 
numbering systems, become relatively complicated 
when the single yarns differ in size. 

4. All fabric calculations concerning unit costs, 
weight, construction, etc. will be simplified, since the 
same yarn units will be used regardless of the fiber 
types, and similar factors will apply in ail cases. 

5. Derived yarn properties, such as_ breaking 
tenacity, lea product, and breaking length, will be 
expressed in the same units for all yarns, eliminat- 
factors. (Note: breaking 


tenacity in g./tex is equal to breaking length (Reiss- 


ing many conversion 


The latter unit is 
in general use in continental Europe. ) 


lange) expressed in kilometers. 


The measuring units (cotton count, woolen run, denier, 
etc.) should be carefully distinguished from the basic fiber 
property which A.S.T.M. has designated as linear density. 
The last term covers the concept of size, fineness, coarseness, 
etc.; it is proposed to express this property in tex units in- 
stead of cotton counts, deniers, leas, or other units used in 
the past. The distinction is comparable to the “property” of 
weight and the “units”—ounces, pounds, tons or grams; or 
the “property” of volume and the “units’”—gallons, liters, 
or cubic feet. 





Objections Offered to Changing Yarn 
Numbering Units 


The savings in time and freedom from confusion 
and the necessity of converting from one yarn num- 
ber to another are easy to visualize but almost im- 
possible to assess in terms of dollars saved through- 
‘out the industry. The realization of these advantages 
justifies an earnest effort, even though it may entail 
some temporary confusion and inconvenience in spe- 
cific cases. It is believed the objections have been 
magnified in people’s minds; it may be worth while 
to consider some of them in more detail. 

1. Some people feel the confusion due to changing 
standards (measuring units) which might be ex- 
pected to follow the adoption of a new unit would 
not .warrant the change, regardless of the latter’s 
merit. In this connection, it may be noted that Spain 
adopted the tex yarn numbering system by decree in 
1947 with a minimum of preparation, and the indus- 
try is reported to be well satisfied with the way it 
works. The change was apparently taken in stride 
by the mills concerned. 

Again, during the last world war the German oc- 
cupying forces made the synthetic fiber industries in 
the overrun countries replace the direct denier sys- 
tem with the indirect metric yarn system with prac- 
tically no advance preparation. After the armistice 
and withdrawal of the German forces, the industries 
reverted to their previous practices [6]. Neither of 
these changes provoked serious trouble. In the lat- 
ter case, the industry voluntarily changed its meas- 
uring units, disregarding the “period of confusion.” 
These examples indicate that yarn numbering sys- 
tems can be, and have been, changed without disrupt- 
ing the industry or without undue suffering. (Note 
the action of the occupied countries in this connection 
indicates that their experience with the use of an 
indirect numbering system, based on familiar metric 
units, did not have enough appeal to be retained for 
general use.) 


Similar but much more extensive changes in meas- 
uring units took place when the metric system was 
adopted in many European countries, and of course 
in this country when we adopted decimal currency. 
At the present time India is not only adopting metric 
units for measuring weights, lengths, areas, etc., but 


is also installing a decimal coinage system. It is 
anticipated that this can be carried out in three years, 


in a country which includes a large number of illiter- 
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ates. In the face of these examples, it would seem 
that the highly organized textile industry, with a 
little planning, could make the transition with only 
minor difficulties. Any confusion should be short 
lived and will be a small price to pay for the elimina- 
tion of the additional effort we now have every time 
we change fiber types. 

2. Another objection has been formulated in gen- 
eral terms as follows: “We cannot afford to abandon 
a system in which we have kept our plant records 
since we started business back in 18—.” The truth 
is that all records more than a few years old are 
practically obsolete by today’s standards and have 
to be interpreted in terms of modern production and 
cost accounting by the use of suitable factors. A 
new system merely involves a different set of factors, 
so that this objection is not actually sound. 

3. Another objection has been stated as: “We can- 
not afford the transition costs.” The textile industry 
obviously will have to pay for the things that are 
done for its own improvement. In the long run, 
however, the cost of the proposed changes will be 
repaid in increased efficiency which will be secured 
by simplification of mill operations and accounting 
practices and elimination of the current confusing 
situation. We are currently paying a fair price to 
keep records straight every time we shift or mix fiber 
types; the industry should get a better return for 
this investment. 

4. An objection which has been offered by some 
mill managements is: “Our operators are paid by 
rates based on established yarn numbers, and we 
cannot afford to do anything which would upset 
existing harmonious relations.” This situation calls 
for a period of education and the use of suitable fac- 
tors. Wages would be calculated and shown to be 
equal by both the old and the new systems until 
everyone was familiar with the new units; then the 
change could be made completely without any dif- 
ficulty or disturbance. 

5. An objection (actually a stall) has been stated 
as: “We haven’t time right now (it would be better 
to let the next generation take care of this problem).” 
This, of course, is a rather narrow, selfish attitude. 
A fault once admitted should be half corrected and 
we should not add unnecessarily to the burden of 


4 The use of suitable factors to convert existing practices 
to proposed methods should be emphasized. Once a factor 
is established for a specific situation or conversion, very 
little time will be lost or trouble experienced as long as the 
same factor is used. 
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coming generations. It is anticipated that this atti- 
tude will not long be satisfactory to the leaders of 
the industry, who have already demonstrated that 
they welcome new ideas or equipment which will 
improve the over-all efficiency of their operations. 

6. Another objection has been stated as: “It will 


TABLE I. 
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be difficult to calculate the yards per pound or make 
other needed conversions.” It can be said, in gen- 
eral, that any calculation currently found useful can 


Tables 


will be made available that will eliminate the neces- 


be made readily by use of the proper factor.* 


sity for many individual calculations. 


Suggested Yarn Numbers in Rounded Tex Units* Together with Corresponding 


Numbers in Other Common Systems 


Yarn 
Range of Recommended 
calculated 


tex numbers 


300-vd 
hanks 


rounded tex 
numbers 


10 
10 
11 
11 
12 
12 
13 
14 
15 
16 
17 
18 
19 
20 


10 
10 
tl 
11 
12 
12 
13 
14 
15 


16 


? 
j 


nuAnunnw sth 
Aumumuuw 


ann 


AwWuuwYy 


panna 


nw 


. 
4 
5 


41 
43 
0-45 
0-47 
0o-49 
0-51 
0-54 
0-58 
0-62.0 
20-606.0 
66.0-70.0 
70.0-74.0 
74.0-78.0 
78.0-82.0 
82.0-86.0 
86.0-90.0 
90.0-94.0 
94.0-98.0 
98.0-—102.5 100 


* From German Standard DIN 60905 


t The rounded tex numbers (bold face) have been recommended by 


7 


fibers [12] (in 2 decades) 


number, 


Yarn 
number, 
840-yd 
hanks 


Yarn 
number, 
560-yvd 
hanks 


Yarn 
number, 
denier 
units 


60 


56 


i) nm @ 


AA 
P= 


> 
- @ © 


+ 
» 


600 


the B.1.S.F.A. for » with yarns from man-made 
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7. The question is asked—How can we know the 
tex system really works; has anyone tried it?” The 
answer to this question is “Definitely, yes.” As 
noted above, the textile industry in Spain has been 
using it successfully for the past decade. The Alper- 
gatos Cotton Mills [1], operating more than fiity 
thousand spindles in Argentina and Uruguay, have 
used the tex system (under another name) for all of 


their cotton fiber spinning operations for many years, 


and have found it so satisfactory that they continue 
to use it even though this puts them in the unique 
position of using a system different from that used 
by other mills in their country which have been fol- 
lowing conventional systems. Herman Buehler & 
Co. A. G. of Winterthur, Switzerland, yarn spinners 
and weavers, operate similarly. The Research De- 
partment of N.V. Onderzoeksinstituut Research 
(Dutch Enka of Arnhem), Holland, have been op- 
erating on tex units since 1948 [9]. The Merchants 
Testing Laboratory at the Institute of Textile Tech- 
nology, Charlottesville, Virginia and the testing lab- 
oratories at the Southern Regional Research Lab- 
oratory at New Orleans also report their tests on 
cotton and other yarns in the tex system along with 
the cotton count. 

As a general statement, it can be said there is no 
more difficulty operating under a system employing 
The 
latter certainly have demonstrated their usefulness 
and practicality through the years. 


tex units than one employing denier units. 


Specific Proposals 


Recognizing that this change will require a period 
of education and preparation, the International Or- 
ganization for Standardization, Committee on Tex- 
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tiles, has proposed that for a few years the textile 
industry should use both current yarn numbers and 
equivalent tex yarn numbers in all printed matter 
(publications, price lists, labels, etc.). This educa- 
tional step would acquaint all branches of the trade 
with the tex units corresponding to all yarn numbers 
with which they are familiar. During this period, it 
is expected that producing units will reach agree- 
ments on the preferred (rounded) tex numbers to be 
used for all common yarns, and these would grad 
ually supplant the older units in the trade. A se- 
lected series of tex numbers has been included in 
the official DIN 60905, 


These. numbers, taken in part from the 


German Standard issued 
June 1957. 
R40 series [3] of graduated numbers, together with 
typical corresponding yarn numbers in other sys- 
tems, are included in Table I |7]. Concurrently, 
textile research men should decide on the best meth- 
ods for expressing supplementary concepts, such as 
twist multiplier, cover factor, yarn conversion fac 
tors, etc. Suggestions in this connection have already 
\.S.T.M., and are 
reviewed in an article by A. W. [5] in 


Journal of the Textile Institute. It is understood 


received some consideration by 


Bayes 


these subjects are also under consideration by the 
3.1.S.F.A.5 

Given such a period of education and study, it is 
believed that the transition from the current diver 
sified numbering systems to a universal system based 
on tex units will be relatively easy. It is anticipated 
that progress in this direction in Europe may b« 


faster than in the U.S.A., particularly with the ad 


5 The International Bureau For the Standardization of 


Man-Made Fibers. 


Typical Layout for 20/1 Cotton Yarn t 
(Showing Sizes in Conventional and Tex Units) 


Tex = g./km. (1000 m.); 


Card 


Lap 14 oz./yd. (A) 
433.9 ktx. 


Draft 433.9/3.9 = 111.3 


Kilotex 


Roving frame 


Draw sliver 60 gr. (B) 
4,250 tex 


Draft = 4,250/394 = 10.8 


* The factor 0.93 allows 7% for contraction in spinning. 


» Card sliver 55 gr. (B) X 6 
3.9 ktx. 


+ Roving 1.5 Hank (C) 
394 tex 


kg./km., = g./m., = 1000 X tex 


Drawing frame 
+ Draw sliver 60 gr. (B) 
4.25 ktx., 4,250 tex 
Draft = (6 X 3.9)/4.25 = 5.51 


Spinning frame 


— Yarn 20 Hank c.c. (C) 
29.5 tex 


Draft = 394/29.5 < 0.93* = 14.4 


It is independent of the numbering system(s) in use 


t A, B, and C indicate the three different numbering systems used in producing a single spun yarn by conventional methods. 
A = Laps = Direct System = oz./yd.; B = Slivers = Direct System = gr./yd.; C = Roving and Yarn = Indirect System 


= 840 yd. hanks /Ib. 
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vent of the “common market” and “free trading 
area,” and all firms who are interested in exporting 
yarns to European countries for textile or industrial 
purposes should become familiar with the tex units 
promptly. 


Steps to be Taken Now 


ISO recom- 
mendation that, as an educational step, tex numbers 


Committee D-13 has endorsed the 


be printed after conventional numbers wherever pos- 
sible ; each individual can help with this program by 
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following this suggestion in his own publications and 
business relationships. 

Individuals can also call the use of the tex system, 
in this educational manner, to the attention of their 
own management and sales personnel as well as their 
industry associations. These groups, in turn, should 
consider desirable or necessary steps to take before 
tex numbers are generally adopted. 

These suggestions apply particularly to yarn buy- 
ers, since, in the long run, the yarn producer or 
spinner will furnish whatever the yarn buyer wishes. 


TABLE II. Yarn Numbers in Rounded Tex Units with Corresponding Cotton Hanks and Denier Units for Three Decades 


Denier 
number 


Cotton 
count 


Tex 
number 


Tex 
number 


10 
10.! 
11 
te 
12 
‘2:5 
13 
i4 
15 
16 
17 
18 
19 


te 


Nm hm WW hy 


un wm whe 


1 
1 
1 
1 
1. 
l 
1. 
# 
1. 
A 
1 
1 
1 
2 
, 
: 
? 
? 
2 
2 
? 
3 
3. 


w~ 
i? 


Amnon 


Cotton 
count 


oe 


we YI 


Denier 
number 


Cotton 
count 


Tex 
number 


Denier 
number 


60 


56 


100 
105 
110 
115 
120 
125 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
280 
300 
320 
340 
360 
380 
400 
420 
440 
460 
480 
500 
520 
560 
600 
640 
680 
720 
760 
800 
840 
880 
920 
960 
1000 
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All readers of this article are urged to familiarize 
themselves with this development, to participate in 
this program as it pertains to their interests, and to 
urge its study and use by others in the industry. 


Appendix: History of Recent Yarn 
Numbering Proposals 


In 1943 A.S.T.M. Committee D-13 recommended 
a direct yarn numbering system using metric meas- 
uring units and based on g./10 km. (or g./10,000 
m.). The numbering unit was designated as a 
“grex.” *® This direct numbering system was tenta- 
tively approved as a Recommended Practice, D 861, 
in 1945, and formally approved in 1947 [2]. 
that time it has been used to a limited extent in tech- 


Since 


nical publications, but has not been adopted for 
commercial transactions. 

Soon after the early discussions in Committee 
D-13, similar proposals were submitted to the Tex- 
tile Institute of Great Britain which, while endorsing 
the general principle of a direct system using metric 
units, favored a smaller numbering unit based on 
g./km. (g./1000 m.). 
nated as a “g/K” unit, but has been subsequently 


This was tentatively desig- 


designated as a “tex” unit [13]. 


Action by the International Organization for Stand- 
ardization 


Both of these proposals were considered by Tech- 
nical Committee 38 on Textiles of the International 
Organization for Standardization at the first meeting, 
held in Buxton in 1948. The committee adopted the 
following resolution [10]: 

Recommendations. That a universal yarn count sys- 

tem should be adopted and that this system should be 

direct, decimal and metric. The universal count 
system should be either the “g/K” or “grex” sys- 
tems. 

At the second meeting of ISO/TC 38, held in 
Bournemouth in 1951, the committee endorsed the 
previous resolution. 

Several papers [6, 8] discussing the relative ad- 
vantages of the two units and the best methods of 
introducing the new system were published in the 
following years, but the proposed system was used 
very little by industry prior to the third meeting of 
the ISO committee in 1956. 


® The grex unit was in fact a revival of the proposal con- 
sidered at an international congress in 1873. At that time 
the unit based on g./10,000 m. was called the “New Inter- 
national Denier.” 
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At the third meeting, at Southport in 1956, uni- 
versal yarn numbering was the subject of an ex- 
tended debate in which representatives of a number 
of countries participated. Speakers pointed out that 
the approval of the two units, “grex” and “tex,” was 
holding up the introduction of either unit and called 
for a precise recommendation in spite of the fact 
that the “grex” and “tex” units differ only by a 
multiple of ten in the same fundamental system 
(comparable to dollars and dimes). Bowing to this 
sentiment, the U.S. delegation withdrew further sup- 
port for the use of grex units and the plenary com- 
mittee, with delegates from twenty sovereign nations, 
unanimously adopted the following resolution [11] : 

Resolution No. 6: Technical Committee ISO/TC 38, 

continuing the development of a universal system for 

describing the linear density of textiles, 

(1) Reaffirms the resolutions from Buxton (1948) 
and Bournemouth (1951) to use one direct, decimal, 
system, based on metric units, namely grammes for 
mass and metres for length, and their multiples and 
sub-multiples. 

2) Recommends the grammes per 
kilometre as the basic unit, which is to be designated 
as a “tex.” The multiple and sub-multiple recom- 
mended for use in preference to other possible com- 
binations are: 


combination 


milligramme per kilometre, named “millitex” ‘ 
gramme per metre, or 


, named “kilotex” 
kilogramme per kilometre | 


(3) Recommends that the universal system should 

be called the “tex system.” 
Responsibility for the introduction of the new unit 
was assigned to Subcommittee 4 (Secretariat Hol- 
land), which had previously been charged with the 


simplification of commercial yarn numbers. 
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Billie Gwin Murphy’ and Alfred R. Macormac 


Department of Clothing, Textiles, and Related 


Art, School of Home Economics, 
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Abstract 


Samples from eleven undyed cotton terry towels, ranging from 9.7 to 14.8 oz. per 


square yard, were laundered up to 100 times in a household type washer. 


Their weights, 


maximum rates of absorption, and ultimate absorptions were determined after various 


numbers of laundering and drying cycles 


values for both rate and ultimate absorption. 


The unlaundered samples had the lowest 
Both values increased markedly with 


successive launderings up to about 10; after that the increases were slight. At 100 
launderings the rate had passed maximum, but the ultimate absorption was still increas- 


ing. 
correlation. 
weight fabrics 


Introduction 


Since terry towels are used primarily for drying 
the body or other objects, their ability to absorb 
water is their most useful property. A number of 
investigators have used various methods to deter- 
mine absorbency of cotton fabrics, such as sinking 
times [8], wicking distances [4, 9], and other meth- 
ods [2], but the most suitable method was suggested 
by Larose [7]. He used an apparatus which repro- 
duced the conditions under which a towel is nor- 
mally used ; i.e., the sample is placed on a wet porous 


plate under definite pressure for a measured time 


1 Present address: Campus Station, Athens, Georgia. 


Ultimate absorption correlates well with fabric weight, but the rate shows no such 
The absorption per gram of cotton was somewhat greater for the lighter 


and the amount and rate of water take-up measured 
The method has been improved and refined by Ket- 
tering [6], Jackson and Roper [5], and Buras, Gold- 
thwait, and Kraemer [1]. In this study the Buras 
apparatus, set up in a conditioned room, was used, 
but the data 
identical. R.H. and 
70° F. Details on the apparatus are given in the 
original article [1]. With the sample held in place 
by the weight, the stopcock was opened and the 
maximum rate of flow recorded. When the float had 
returned to zero, the flow of water was cut off and 
the ultimate absorption at this point read by means 
of the burette. 


collected and calculations 


All tests were made at 65% 


were not 





Experimental Methods 


In this study 11 types of all white terry towels 
were used. They were purchased from retail sources 
in the fall of 1954. Pertinent information on the 
towels is shown in Table I. For absorbency tests, 
ten disks from one towel of each of the 11 types were 
used. Using a template 3} in. in diameter, the disks 
were marked on the towel. The outline was sewn 
with type 304 stitch of Federal Specifications DDD- 
751, using mercerized cotton sewing thread, and the 
disks were cut out [3]. 
did not ravel; the same set of 10 disks was used for 
all laundry tests. After conditioning, the weight and 
thickness of each disk were obtained, then the maxi- 


The disks sewn in this way 


mum rate of absorption and the ultimate absorption 
were determined using the Buras apparatus [1]. 
Buras, Goldthwait, and Kraemer made readings of 
the maximum rate of absorption with a zero head of 
water and also with negative heads (preferably two) 
and then calculated a true maximum rate of absorp- 
tion, which was corrected for the effect of the porous 
plate. Since the present study was confined to simi- 
lar cotton terry towels, only one rate reading at zero 
head was made. 

The disks, together with enough white terry towel 
material to make up a normal load of 8 Jb., were 
laundered in an automatic pulsator-type home washer 
with spin drier. Water was run in to the normal 
capacity of 11 gal.; 50 g. of mild soap flakes was 
added (0.12% soap solution). The machine was 
set for a 6-min. washing cycle; the temperature of 
the water was 100° F. during washing and rinsing. 
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in an -automatic electric drier which had been pre- 
heated for 5 min. The disk samples were then con- 
ditioned and retested after one laundering. The 
laundering procedure was continued and the disks 
tested after 3, 5, 10, 15, 30, 45, 60, 80, and 100 
launderings. The laundry treatment is milder than 
usual both as to temperature and detergent. The 
100° F. temperature was used because of local water 
supply conditions. An unbuilt soap was used be- 
cause it gave a known definite compound. 


Results 


Table II shows the maximum rate of absorption 
and Table III the ultimate absorption. Ultimate ab- 
sorption was compared with the weight of the towels 
by calculating the coefficient of the correlation be- 
tween ounces per square yard and ultimate absorp- 
tion in milliliters and the equation for the regression 
lines. The coefficient of correlation for the unlaun- 
dered towels was 74% ; after the first laundering it 
was 88%, and after 10 or more launderings it was 
always over 90%. 
plotted in Figure 1. 


The regression lines have been 

This figure shows a consistent 
rise in ultimate absorption with increased number 
of launderings. The slope of these lines would indi- 
cate that absorption increases with increasing weight 
of towels, but in order to determine their relationship 
more accurately, the absorption, as milliliters of 
water per gram of cotton, was calculated from Tables 
I and III. 
bar graphs for the 11 towels, unlaundered and after 


3, 45, and 100 launderings. 


In Figure 2, the results are plotted as 


If weight was the only 


After extraction the material was tumbled for 1 hr. factor in absorption, all values should be the same. 


TABLE I. Towel Data 


Average weight 
absorbency disk 
Cost ex 
per per lb. 
sq.yd. cotton 


after 
Thickness, original, 100L., 
mils g. g. 


Threads/in. 


Towel 
no. 


Weight, 


oz./yd. 


Ratio, 


gw pile: ground. 


| 


$ .85 $ 
.99 
1.03 
71 
94 
95 
1.75 
1.97 
1.94 
1.94 
2.18 


3.7 
3.8 
3.5 
4.0 
6.2 
3.5 
4.1 
4.9 
5.4 
6.2 
5.3 


45 
46 
45 
45 
53 
50 
54 
54 
61 
63 
66 


15.5 
18.6 
14.9 
18.2 
11.1 
11.4 
11.0 
11.6 
10.9 
12.9 
11.1 


9.7 

9.8 

9.9 
10.1 
11.5 
11.8 
12.4 
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14.5 
14.8 
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The lowest 
values are for the unlaundered towels, indicating that 


Actually they vary from 0.25 to 4.22. 


in some cases the finish on towels is water repellant. 
This effect is especially prominent in towels 1 and 3, 
but is present to some extent in all towels. It is due 
to the softeners used in finishing to give a soft ap- 
pealing feel. In this study, nothing but soap was 
used in laundering, and no conditioner or softening 
agent was added to the rinse water. As a result, 
the original pleasing soft feel was perceptibly re- 
duced after 45 launderings ; after 100 launderings the 
towels all felt vnpleasingly harsh. 

The absorption per gram of cotton increases with 
additional laundering, and as shown in Figure 2 is 
greater for towels of 9-10 oz./sq. yd. Buras, Gold- 
thwait, and Kraemer have stated that ultimate ab- 
sorption is a function of the weight and construction 


of a fabric [1]. Our results confirm this statement; 


TABLE I. 
No. of 
launderings 0 3 


Towel no 


~1 in OS & iv 


7 
6 
5 
5 
8 


9 
10 
11 


Mean 
Standard 
deviation 2%: 81 
Coefficient 
of variation 


40.1 12.6 
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the differences shown in Figure 2 emphasize the im- 
portance of the construction of a fabric. 

Maximum rate of absorption data were plotted in 
a similar manner; the results are given in Figure 3. 
Like the ultimate absorption, the rates increased with 
increased launderings, but the results are not as con- 
sistent as the ultimate absorption data and were gen- 
Coeffi- 


cients of correlation between rates and weights were 


erally independent of the weight of towels. 
poor. The indications are that the rate of absorption 
is also decreased by the presence of softening com- 
pounds on the towel but is entirely independent of 
the weight of the towel. It is interesting to note that 
at 100 launderings, the rate of absorption of all 
towels has started to decrease. It reached a maxi- 


mum for towels 2, 3, 5, and 6 at 60 launderings and 
8, 9, 


towels 1, 4,  {f 
(Table IT). 


10, and 11 at 80 launderings 
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Discussion 


Ultimate Absorption 


The data and graphs of the ultimate absorption 
appear to give the results which lead to the most 
important conclusions. They indicate that the ab- 
sorbency of unlaundered towels is lowest and that 
successive launderings up to 100 increase the absorb- 
ency, but at a gradually decreasing rate. The ab- 
sorbency of towels is not dependent on weight alone ; 
towels of 9-10 oz./sq. yd. actually absorb more water 
per gram of cotton than towels of 14-15 oz./sq. yd. 
In drawing conclusions from these data as to the util- 
ity of towels in use, an assumption has been made, 
which may or may not be warranted—that the data 
for ultimate absorption, when the towel is “wringing 
wet,’ would rank in the same order as figures for the 
amount of moisture in the towel when it becomes so 
damp that it is no longer useful for drying a wet 
surface. 

The practical value of this information is evident 
when water absorption is considered on a cost basis. 


ULTIMATE ABSORPTION ML. 
16 


15 


10 12 14 
WEIGHT 0Z/yD* 


Fig. 1. Effect of laundering on ultimate absorption. 
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The user of bath towels is primarily interested in the 
efficiency of the towel as a means of absorbing mois- 
ture or, to put it another way, the comparative cost 
of absorbing a fixed quantity of water when a towel 
is in its normal condition (i.e., after 5 or more laun- 
derings ). 
IV. 
given in Table I and the amount of water absorbed 
calculated from Tables I and III. The cost of the 
cotton which absorbs one pound of water for each 
In Column R the 
ranking of each towel in this respect is given; in the 
last column these ranks are summarized. It will be 
noted that towel 4 (a 10-o0z. towel) was the most 


Data on this aspect are presented in Table 
The cost of a pound of cotton in each towel is 


towel is obtained from these data. 


efficient in all cases and shows a minimum sum of 
ranks of 3. 


Rate of Absorption 


In this investigation only the maximum rates of 
absorption at zero head were determined. If read- 


ABSORPTION ML/GM COTTON 
5 


SSSss 


aT 
A 


SSS 


wet eee 


<x 
SSS 


cm 
x 


12 


WEIGHT 02z/yYpb* 


Fig. 2. Change in absorption per gram of cotton; 
11 towels—O, 3, 45, and 100 launderings. 
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ings at negative heads had been made, it would be 
possible to calculate a true maximum rate of absorp- 


tion corrected for the effect of the porous plate and 
possibly to obtain data which would correlate better 
with some fabric property. As it is, our data agree 
fairly well with the statement of Buras, Goldthwait, 
and Kraemer that rates of absorption are primarily 
a function of fabric surface [1]. As the finish is 
gradually removed by successive launderings, the 
rate increases up to about 30 launderings, after which 
After 30 laun- 
derings the coefficients of variation among the 11 


towels are all less than 5% 


there is little real change (Figure 4). 


, and the rates of absorp- 
tion are all within 5% of the mean (Table II). This 
might be expected, since all these fabrics were cotton 
terry towels with a similar fabric surface. 


Conclusions 


The effect of 100 home launderings of 11 white 


terry towels ranging in weight from 9 to 15 


MAX. RATE OF ABSORPTION ML/MIN 
25 

















12 14 
WEIGHT 0z/yYoD* 


Fig. 3. Effect of laundering on maximum rate 


of absorption. 
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oz./sq. yd. on the weight and absorbency has been 
investigated. The 
maximum rate of absorption increased with the num- 


The weight did not change. 


ber of launderings until the finish was completely 
removed, then showed no significant change with 
additional laundering or among the different terry 
fabrics, indicating that the important factor in the 
The fabric 
The 


ultimate absorption increased consistently with the 


rates of absorption is the fabric surface. 
weight has no effect on the rate of absorption. 


number of launderings and with increasing weight 
of the fabric. 
verted to absorption per gram of cotton, there is 


When the ultimate absorption is con- 


considerable variation in these figures, indicating 
that although weight is an important factor in water 
absorption, fabric construction is also important. 
The absorption per gram of cotton is greater for 
towels of 9-10 oz./sq. yd. than for towels of 14-15 
oz./sq. yd. 


MAXIMUM RATE OF ABSORPTION ML/MIN 
23° 


TOWEL | + 
TOWEL 4 © 
TOWEL No} 


30 45 «2460 80 100 
NUMBER OF LAUNDERINGS 


Change in maximum rate of absorption; 
3 towels—0 to 100 launderings. 
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TABLE IV. Water Absorbency of Towels on a Cost Basis 


No. of launderings 3 45 


Fe RTO EE eee ee Erle ae — — Sum of 
A* c R ! : d R 


Towel Cost/Ib. 
no. of cotton Ibs. 


1 $ 
2 





2.89 $.48 
3.05 53 
2.59 .64 
3.03 37 
2.66 A9 
2.68 48 
2.62 87 
2.51 .69 
2.58 .86 
2.54 76 
2.94 .80 


46 
49 
30 
40 
38 
.69 
55 


40 
40 
27 
35 
: 36 
3.54 64 
3.51 A9 
66 3.57 62 
56 3.54 54 
.67 10 3.68 64 


A = Absorbed water/Ib. cotton, C = cost of cotton which absorbs 1 Ib. of water, and R = rank. 
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An Automatic Single Fiber Tensile Strength Tester 
R. A. Crane and P. C. Wharff, Jr. 


The Dow Chemical Company, Western Division, Pittsburg, California 


Abstract 


A recently developed automatic single fiber tensile tester obtains large amounts of 


stress-strain data for production control. 


The instrument tests fibers at a maximum 


rate of 30-40/hr. and plots stress-strain curves which are corrected for denier (cross- 
section area), corrected for mounting length errors, and include an indication of the 


denier of each sample. 
of the balance of the curve. 
loading design. 


Introduction 


Formerly, the testing of single fibers has been a 
task undertaken primarily as a matter of academic 
interest. Due to the delicate nature of the samples 
and lack of adequate tools, single fiber testing had 
How- 
ever, single fiber properties are the common ground 
between the fiber manufacturer and the textile manu- 


not gained wide acceptance as a routine test. 


facturer and, as such, should be understood by both. 

The physical properties of single fibers may be 
measured in many different ways. One of the most 
important of these is the stress—strain characteristic. 
Due to the significance of the stress-strain charac- 
teristics in the production of fine fibers, it is neces- 
sary to test a large number of representative samples 


in the shortest time possible. The stress—strain 


50% or 100 % 
Elongation 





Fiber breaks 


77 Elastic modulus 
portion 


sTRess % 
DENIER 


Reduced sensitivity 
meosured portion 


aes 3 


% ELONGATION 


| 
j 
| 
20, 


Typical stress-strain curve plotted with dual 
range sensitivity. 


Fig. 1. 


The elastic modulus portion is plotted at twice the sensitivity 
Ease of use is gained through the application of a “drop-in” 


curve will give the following information: elastic 


modulus, yield strength, tensile strength, percent 
elongation, compliance, toughness, and secant modu- 
lus (Figure 1). If a number of curves are super- 
imposed on each other, average values and a co- 
efficient of variation may be visually estimated or 
mathematically determined. Ideally, an instrument 
may be constructed which would accomplish all the 
above and be optimally designed around the require- 
ments of fine fibers in respect to sample size (Figure 
2), the large number of samples, and single fiber 
handling and loading techniques. The instrument 
developed at the Dow Chemical Company labora- 
tories and described in this paper is shown in Fig- 


ures 3 and 4. 


The Mechanical System 


The mechanical includes the extension 
yoke assembly, drive cam, length corrector drive 


assembly, elongation drive assembly, fast and slow 


system 


speed drives, clutches, switching cams, associated 


gears, and the tester frame. 


Extension Yoke Assembly 


The extension yoke consists of a tab grip, draw 
bar, cam follower, guide bars, and brackets. A pair 
of }-in. O. D. “miniature” ball bearings provide a 
low friction, smooth, accurately formed cam fol- 
lower. Four ball bushings serve as rectilinear mo- 
tion bearings. The selection of ball bushings re- 
quires that a method of compensation for even small 
amounts of parallel misalignment be provided to in- 
sure complete freedom of movement. The guide bar 
brackets are slotted on one side to allow a means 
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of self-alignment of the guide bar. The end move- 
ment of the bar is controlled with true arc rings. 
The brackets are firmly affixed to the other guide 
bar with set screws (Figure 5). 


Drive Cam 


A precision cam was chosen as the best method 
for driving the extension yoke for two reasons: 

1. Cam application allows the mechanical system 
to be driven in one direction of rotation without re- 
versals and the subsequent lost motion resulting 
from backlash. 

2. A cam may be designed in such a way as to 
permit careful control of the acceleration imparted 
to the cam follower. Thus jerkiness of the cam fol- 
lower may be avoided. Since the strain gauge will 
act as an accelerometer, jerkiness of the extension 
yoke will be transmitted to the strain gauge, result- 
ing in spurious perturbation in the recorded curve. 
Also, because of the relaxation characteristics of the 


Fig. 2. Typical fiber sample. Size ranges 1-5 den. 


(approx. 0.0010 in. average diameter). 
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fiber sample, any jerk experienced during the exten- 
sion of the sample will result in an unusable curve. 

The displacement diagram (Figure 6) illustrates 
the requirements of the cam follower with refine- 
ments. The insertion of a curve which will provide 
changes of velocity without jerk can be obtained by 
employing cycloidal motion, which has a continuous 
acceleration characteristic. 

Since the yoke recovery portion of the curve 
serves no purpose except to reposition the extension 
yoke, linear motion is not required ; a double cycloid 
may be adopted to meet the acceleration, velocity, 
and displacement characteristics. 


Elongation and Length Correction Drives 


The elongation and length correction signals are 
obtained from two 360° continuous rotating potenti- 
ometers driven off the cam shaft drive. Phasing and 
indexing are accomplished with electromechanical 
clutches and 
(Figure 7). 
reproducibly. 


cam actuated switches respectively 


The brake serves to reposition the unit 


Tab Holder and Loading 


To facilitate rapid and easy loading of the speci- 
men on the machine while minimizing the oppor- 
tunity of fiber damage, a loading chute was devel- 
oped. The loading chute permits the operator to 
drop a sample into the upper tab holder (A) without 
further manual adjustment. The lower tab hangs 
free below the grip fingers provided on the extension 
yoke. The fiber is stretched between the upper tab 
holder and the tab-grip on the extension yoke. 
After the low- 
pressure blast of air is projected on the upper tab 
through a jet (B) aligned with a hole in the upper 
tab holder. 


fiber break is detected, a_ short, 


The tab is forced against the chute 
(C), which is hinged so that it will swing back, 
allowing the tab to drop free of the upper tab holder 
(Figure 8). 


Measuring Circuits 


The measuring circuitry provides suitable elec- 
trical signals for an XY recorder so that stress— 
strain curves of single fiber samples corrected for 
denier (cross-sectional area) and for mounting er- 
rors (initial length) can be recorded accurately. A 
voltage that is proportional to the denier of the fiber 
also is provided, so that a permanent recording of 
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the denier of each fiber sample is obtained after the 
fiber has been broken. The circuitry can best be 
divided into three sections—the stress signal, the 
strain signal, and denier signal—for a more detailed 


discussion. 
Strain Gauge Circuitry 


The simplified strain gauge circuitry which pro- 
vides a stress signal for the Y axis of the XY re- 
The 


unbonded 


corder is shown in Figure 9. basic force- 


transducer is a model G-1 strain gauge 
The Mose- 
ley XY recorder is operated with a full scale sensi- 


tivity of approximately 2 


manufactured by Statham Laboratories. 


mv. This signal is ob- 
tained with a load of 2.5 g. when 9 v. are used to 
energize the strain gauge. 

Denier correction. Most tensile test equipment 
records the stress in force units only, since the initial 
cross-sectional area can be closely held within rea- 
sonable limits on the samples tested. However, this 
is not the case in single fiber testing, where vari- 
ations of + 10% in cross-sectional areas frequently 
occur between individual fiber filaments. Stress— 
strain curves in which the force in grams is piotted 
10% 


ultimate tenacity due to variations in cross-sectional 


vs. elongation would have a + scatter in the 


area alone, thus making it extremely difficult to de- 


tect variations due to other factors. The effect due 
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to differences in cross-sectional area may be elimi- 
nated by normalizing the stress-strain curves and 
plotting the stress directly in terms of grams per 
denier. 

A reciprocal correction is required to convert the 
stress into grams per denier from grams. For ex- 
ample, the recorder full scale must correspond to 
10 g. stress for a 2-den. fiber and to 50 g. stress for 
a 10-den. fiber if the basic stress span is to be 5 
g./den. Referring to Figure 9, potentiometer R-1, 
resistor R-2, and the strain gauge constitute a volt- 
age divider circuit whereby the energizing strain 
gauge voltage is varied nonlinearly to correct for 
denier by simply changing the setting of R-1 to cor- 
For con- 
venience the ten-turn dial of R-1 is set to read 100 
when its resistance is zero, which corresponds to 


respond to the denier of the fiber sample. 


the maximum strain gauge sensitivity. The record- 


er’s span is set to correspond so that a weight of 
2.5 g. will cause a full scale reading when R-1 is set 
at 100. 200 (i.e., 


2.00 den.) will reduce the voltage across the strain 


Changing the setting of R-1 to 
gauge, so that full scale output corresponds to a 
weight of 5.0 g.- 

Multiple range. The maximum output of the strain 
gauge is used to provide the most sensitive 2.5 g./den. 
range. Two additional ranges, 5.0 g./den. and 10.0 
g./den., are obtained by shunting the strain gauge 
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with suitable resistors, R-6 and R-7. This method 
of range changing permits use of the strain gauge at 
its maximum sensitivity. Selection of the desired 
range is made by a manual switch or by an electric 
solenoid-actuated switch during the actual test, as 
described in the section on operational sequence. 
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Fig. 6. Cam displacement diagram. 
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The 2.5 g./den. range is used during the early 
part of the stress-strain curve to enable more accu- 
rate measurement of the elastic modulus of the fiber. 
The 5.0 g./den. range is standard and is used for 
the completion of all routine stress-strain curves. 
The 10 g./den. range was provided for loop stress— 
strain curves, in which the fiber is looped over a 
shaped metal mandril and then extended until it 
breaks. 

Conventional circuitry for zero adjustment is pro- 
vided by potentiometer R-3 and resistor R-4. 


Elongation Circuitry and Length Correction 


The length of the specimen is carefully defined 
However, in 
the case of single fibers which have varying degrees 
of crimp, it is extremely difficult to devise a mount- 
ing method that would permit proper tensioning of 


and controlled for most tensile testing. 


the fibers, so that each one would have the same 
degree of prestress. Accordingly, to avoid the neces- 
sity of careful prestressing of the fiber, it is mounted 
on the tabs while slack. Crimp in the fibers causes 
a toe at the start of the stress-strain curve, as shown 


in Figure 10. The individual curves from crimped 


SwirTH 


we 


Fig. 8. Loading chute and tab holder. 
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samples are spread out along the strain axis, de- 
pending upon the degree of crimp. The variation in 
ultimate elongation caused by differences in crimp 
from fiber to fiber is great enough to make interpre- 
tation of the results difficult for quality control. If 
recording the strain is initiated after the specimen 
has been loaded to 2% of the stress scale, the toe is 
eliminated and the fiber curves are superimposed on 
one another, as shown. A rapid visual estimation 
of the average ultimate elongation is easy to make. 

Examination of the curves in the lower section of 
Figure 10 shows that the extrapolated extension of 
the initial modulus intercepts the X axis on the nega- 
tive side of the origin. The magnitude of the con- 
stant correction, AE, which must be added to the 
recorded breaking elongation, depends upon the set- 
ting of the microswitch in the recorder which initi- 
ates the strain recording. This correction is less 
Two 
percent stress was chosen to initiate strain recording 


than 2% elongation for our routine testing. 


since it appeared that under the conditions in which 
these tests were performed all of the crimp had been 
removed from most fiber samples when loaded to 
25 mg./den. for a 3-den. fiber. 

Although the curves are now superimposed upon 
one another, as described previously, there is a vari- 
able error in the recorded strain due to the normal 
differences in crimp between individual fibers and 
tensioning differences during mounting the fibers on 
the tabs. The strain signal produced by the elonga- 
tion potentiometer (R-3, Figure 11) is corrected to 
compensate for these variations in the initial length 
by the length corrector potentiometer, R-1. The two 
potentiometers, R-1 and R-3, constitute a voltage 
divider, so that the output of R-3 is proportional to 
The strain 
is plotted correctly in percent elongation for fibers 
with initial lengths of 0.900-1.800 in. Closing switch 
S-3 eliminates the length-correcting circuitry, so that 


the percent elongation of the specimen. 


Ss, Tovaxis . 
F RECORDING POTENTIONETER 


ter FULL SCALE 


Rez ERr 


Fig. 9. Strain gauge circuit. 
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the output of the elongation potentiometer R-3 gives 
the percent elongation based on a fixed initial length 
of 1.000 in. 


for calibration purposes. 


Resistor R-2 is included in the circuitry 
Resistances R-4, R-5, R-6, 
and R-7 constitute a voltage divider whereby the 
recorder full-scale can be made to correspond to 
25%, 50%, or 100% elongation, depending upon 
which is desired. The proper range is either selected 
manually or automatically by an electric solenoid- 
actuated switch during the test. 


Denier Recording 


It is desirable to have some indication of the denier 
This 


is done automatically during each test by relays 


for each sample recorded on the same graph. 


which change the stress recording circuitry so that 
the denier potentiometer R-1 (Figure 12) is switched 
from in series with the strain gauge (Figure 12A) 


to in series with R-2. In this latter position (Figure 
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12B), the voltage at the slider of R-1, which is pro- 
portional to denier, is reduced in magnitude by the 
voltage divider consisting of R-3 and the strain 
gauge. R-3 is set to make 10.00 den. full scale on 
the stress axis during the denier recording cycle. 
Resistor R-2 is introduced in series with R-1, so 
that a voltage will be recorded when the denier po- 
tentiometer is set at 1.00 den., which corresponds to 
the zero resistance setting of this potentiometer. It 


LENGTH CORRECTION 
POTENTIOMETER 


Ss 


ELONGATION 
POTENTIOME TER <—— 


ion 


RECORDER 


Fig. 11. 


Elongation circuit. 


RECORDER 


(A) 
STRESS RECORDING 


RECOROER 


(B) 
DENIER RECORDING 


ig. 12. Stress and denier recording. 
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should be noted that the recorder leads remain con- 
nected to the output terminals of the strain gauge 
during the switching, eliminating the necessity of 
switching low tlevel signals. 


Control Circuit 


The automatic sequence of this tester is controlled 
Ad- 
vancement of the stepping switch from position to 
position is controlled by microswitches located in the 
recorder or within the tester itself. 


by a six bank multiposition stepping switch. 


Unambiguous 
control by these switches is obtained by wiring them 
through one bank of the stepping switch. All oper- 
ating components, such as the electric clutches, 
brakes, solenoid air valve, and relays, are wired to 
appropriate positions on the stepping switch and be- 
come energized when the switch is caused to reach 
the particular position. All microswitches within the 
tester itself are cam actuated and are related to either 
the angular position of the cam or the position of 
the wipers on the potentiometers. The micro- 
switches in the recorder are related to the displace- 
ment on the stress axis, one being actuated at 2% 
of full scale, the other being actuated when the re- 
corder reverses its direction after the fiber breaks. 
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This is accomplished by having the microswitch ac- 
tuating lever contact a toothed wheel, so that it is 
thrown when the toothed wheel reverses direction. 


Performance 


A series of evaluation tests was performed on a 
completed instrument to determine conformance to 
specifications. The the elongation 
(strain) vs. actual displacement of the yoke was 
found to be. quite satisfactory (error less than 0.5%). 


accuracy of 


The effect and accuracy of the length correction sig- 


nal were checked for given amounts of correction and 
likewise found to be satisfactory. Closely controlled 
tests performed on the stress signal, including the 
effect of denier correction, showed a net performance 
accuracy within 0.5%. At the same time, the repro- 
ducibility of the stress signal was found to be accu- 
rate within 0.25%. 2% 


The reproducibility of the 2 
switch which starts the elongation signal was found 


to be satisfactory. 


Fiber Curves 


The final testing of the instrument is obtained by 
running actual fiber tests. Curves are plotted with 
dual sensitivity using samples from a standard bale; 
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the results are checked against established values of 
yield strength, tensile strength, percent elongation, 
modulus, and denier (Figure 13). Figure 14 illus- 
trates single sensitivity curves. 


Operation 


The tester, as designed, operates in the manner 
described below : 

1. The denier of the fiber previously is determined 
on the vibrascope. A resistance proportional to 
denier is manually dialed into a potentiometer which 
modifies the voltage to the strain gauge in proportion 
to sample denier. 

2. The sample is dropped into the loading chute, 
which orients the upper tab in the tab holder attached 
to the strain gauge. The lower tab hangs free imme- 
diately below the fingers on the extension yoke. 

3. The operator then pushes the start button to 
begin the test, which advances the function control 
stepping switch one step. The extension yoke is 
driven downward by the yoke drive cam by means 
of the fast speed drive through a clutch. The slow 
speed drive is energized simultaneously. The over- 
riding clutch permits the high speed drive to over- 
ride the slow speed motor. The extension yoke ad- 
vances to a predetermined point in respect to the 
extension yoke displacement (a point selected to in- 
sure that the grip fingers have covered the tab with- 
out applying any force to the sample), where a 
microswitch-actuating cam, geared to the extension 
drive, actuates a microswitch, advancing the stepping 
switch one step. 

4. The high speed motor drive is then shut off and 
declutched ; the length-correction drive clutch is en- 
ergized simultaneously, and the yoke extension con- 
tinues downward, driven by the slow speed drive 
through the over-riding clutch. The length correc- 
tion potentiometer sweeps out a resistance propor- 
tional to the extension yoke displacement from the 
time the length correction drive is energized until 
a small force applied to the fiber is detected by the 
strain gauge. At this point, a microswitch mounted 
on the stress (Y) axis of the XY recorder is actu- 
ated and advances the stepping switch one step. 

5. The length correction drive clutch is then de- 
energized and the length correction brake is ener- 
gized, holding the modifying resistance swept out 
by the length correction potentiometer. Simultane- 
ously, the elongation drive clutch is energized, and 


the elongation drive potentiometer sweeps out a re- 
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sistance until the sample breaks. The circuitry of 
the elongation and length correction potentiometers 
producing the corrected elongation (strain) signal 
is such that a voltage output of the elongation poten- 
tiometer is proportional to the actual percentage 
elongation of the fiber sample regardless of sample 
length within the range of the tester. 

The recorder simultaneously plots the force, cor- 
rected for denier (Y axis) and the percentage exten- 
sion applied to the sample (X axis) during the ex- 
tension yoke displacement until the fiber breaks. 

6. At the fiber breakpoint, the signal from the 
strain gauge returns to zero, causing the stress axis 
of the recorder to start to return to zero. A second 
microswitch mounted on the stress axis of the re- 
corder detects this reversal and causes the stepping 
switch to be advanced one step, stopping the slow 
speed motor. 

7. The strain gauge circuitry is also switched, 
allowing the resistance which has been dialed in, 
proportional to denier, to produce a voltage to be 
impressed upon the stress axis of the recorder. 
Simultaneously, a time delay is introduced before the 
start of the fast drive, permitting the recorder to 
come to balance. Then the fast speed drive clutch 
and motor are re-energized to return the cam and 


Dur- 


yoke and complete the cycle at the high speed. 
ing this time the voltage impressed on the stress axis 
plots a straight line on the recorder, whose displace- 
ment from the abscissa is proportional to denier. 
The elongation potentiometer drive clutch remains 


energized. The length correction potentiometer 
drive clutch is energized, and both the length correc- 
tion and elongation potentiometers are advanced 
through the remainder of their 360° rotation cycles 
so that they are repositioned at their respective zero 
points prior to the beginning of another test. Both 
the elongation potentiometer and length correction 
potentiometer were started out of phase with the 
elongation yoke drive and must be brought back into 
phase at the end of each test. 

8. The zero points of the length correction potenti- 
ometer assembly are determined by switch-actuating 
cams driven directly by their respective assemblies. 
Each switch simultaneously de-energizes the drive 
clutch and energizes the brake of its potentiometer 
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drive assembly. The yoke drive assembly is stopped 
at its zero position by de-energizing the high speed 
motor clutch by means of a microswitch actuated by 
a cam mounted on the yoke drive assembly shaft, 
similar to the potentiometer drive assembly zero 
point switch-actuating cam. 

9. At the end of each test the upper tab is blown 
free from the upper tab holder by a blast of air. 
The lower sample tab falls free from the extension 
yoke grip fingers when the fiber breaks. 

10. The elastic modulus part of the curve (first 
part) is magnified relative to the second part. At 
an arbitrary point fixed with respect to fiber exten- 
sion, a range change switch, actuated by a micro- 
switch on the elongation drive assembly, reduces the 
sensitivity of both X and Y axes, so that the re- 
mainder of the curve may be plotted at a lower 
sensitivity. 

11. Tests using a single range of sensitivity may 
be accomplished by the use of a function selector, 
which nullifies the effect of the range change switch. 
The function selection also permits plotting of curves 
having reduced elongation sensitivity. 

12. Provision is made for the determination of 
an abnormally early fiber break by means of a micro- 
switch associated with the elongation drive assembly. 


Conclusion 


An automatic tester, as described, was built and 
has been used in excess of 160,000 cycles. The in- 
strument was tested and found to meet specifications 
as outlined in the section on performance. The main- 
tenance during the past two years has been at a 
minimum. The amount of data obtained and the 
ease of operation has indicated that single fiber ten- 
sile testing can be done on a routine basis, provided 
adequate instrumentation is made available. 
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A Comparison of the Tensile Strengths of Yarns 
Using Different Gauge Lengths 
and Rates of Loading 


H. A. Mereness 
Institute of Textile Technology, Charlottesville, Va. 


Introduction 


The rate of loading used in a tensile test has been 
shown by Meredith [3, 4] and others [1, 2] to affect 
the observed breaking load. The apparent load in- 
creases with an increase in rate and is generally 
highly correlated with the log of the time to break, but 
the effect on the breaking elongation is not uniform. 
These two properties are important in the textile 
industry, since they are used both as a means of 
quality control in spinning yarns and as the basis 
for purchase specifications. It is of interest, there- 
fore, to compare the differences in level of the break- 
ing load and elongation of yarns associated with the 
different rates of stress or strain currently approved 
for use with different types of testing instruments 
in ASTM standards, and to compare the results 
obtained under ASTM conditions with the proce- 
dures recommended by the International Organiza- 
tion for Standardization, Technical Committee 38. 
The latter group have specified that tests for break- 
ing load and breaking elongation should be carried 
out on specimens having a nominal gauge length of 
20 in., and the breaking stress or breaking strain 
shall be applied at a rate which will rupture the 
specimens in 20+ 3 sec. regardless of the actual 
breaking ioad or elongation. This method is reported 
to be easy to operate with unskilled help, and is be- 
lieved by many to be the best way to obtain com- 
parable results from the different types of testers 
now in common use both in the U.S. and abroad. 

ASTM-approved conditions include the following: 

ASTM Designation D 76 (Textile Test Ma- 
chines) specifies: 

a. CRT testers (constant rate of traverse; pen- 
dulum)—10 in. nominal gauge length, 12 in./min. 
traverse of the moving clamp.* 


1 The testing conditions in italics were used in this study. 


b. CRL testers (constant rate of load; e.g., in- 
clined plane )}—10 in. nominal gauge length and vari- 
able rates of load; e.g., full capacity in 60 sec. for 
loads under 1000 g. and full capacity in 20 sec. for 
loads above 1000 g. (see also D 1380 below). 

c. CRE testers (constant rate of elongation; e.g., 
Instron tester)—10 in. nominal gauge length. The 
moving clamp is operated at 60% of the nominal 
gauge length/min. for materials having a breaking 
elongation between 8 and 100% and at a rate of 
10% /min. for materials having a breaking elongation 
below 8%. 

ASTM D 1380 (Yarns of Man-Made Organic 
Base Fibers) also authorizes constant rate of load 
testing machines to be operated on 10-in. specimens 
at rates of 2, 4, 16, or 32 g./den./min. depending on 
actual breaking load, and permits, as an alternate 
procedure, testing 10-in. specimens in 20 + 3 sec. on 
all types of testers. 

ASTM D 885 (Rayon Tire Cord) specifies tests 
on 10-in. specimens at 18 and 35 g./den./min. on 
CRL type testers. 


Methods and Apparatus 


The testers used were (1) a Scott Model J 75-Ib. 
capacity pendulum type tester, (2) an IP4 tester 
having a maximum capacity of 50 Ib. and fitted with 
a Thymotrol speed control to secure variable rates 
of loading, and (3) an Instron tester using a “C” 
strain gauge, 0-50 Ib. capacity. 

The pendulum tester had to be used at a maxi- 
mum capacity of 75 Ib. A check of the calibration 
using dead weights showed it to meet ASTM 
standards for accuracy within the range of actual 
breaking loads required. Attempts to calibrate and 
use the tester at as low a capacity as desired (15 Ib.) 
for cotton yarn were unsuccessful with the pawls 
engaged. However, it was found that by calibrating 
and using the tester with the pawls disengaged and 
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reading the breaking load from the chart, sufficiently 
accurate results could be obtained. It would have 
been better to use a 50-Ib. tester had such been 
available. 

The pendulum tester was provided with the usual 
8-speed transmission. However, when attempting 
to break in 20 sec., the average times of break varied 
from a low of 18.7 sec. to a high of 23.6 sec., the 
latter being slightly greater than the tolerance set in 
the standards of 20 + 3 sec. 

The inclined plane tester was calibrated shortly 
before the work was undertaken; the Instron tester 
was calibrated periodically in the course of the 
work. 

All tests were made with specimens having a 
gauge length of 10 or 20 in. All yarn specimens 
were pretensioned by a 50-g. weight. Goodrich type 
capstan clamps were used for all tests; these are 
shown in Figure 1. Snubbing type clamps were 
necessary due to the excessive number of jaw breaks 
produced by the flat jaws when testing nylon and 
Cordura? yarns. The capstan clamps have $-in. di- 
ameter pulleys with 4 in. space between upper clamp 
pulley and nip and | in. space between lower clamp 


pulley and nip. The use of these clamps eliminated 


Fig. 1. Goodrich capstan clamps attached to Instron tester. 
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TABLE I. Description of Yarns Tested 


Construction 
—— Final 


twist, 
t.p.i. 


Yarn 
number, 
tex units 


Tex 


Material no. Plies Denier 


1908 
4698 
4005 
3190 


11.5S 
1.358 
12.28 
4858 


Nylon 

Rayon 

Cordura 
Mercerized cotton 


practically all jaw breaks, and the few which oc- 


curred were rejected. 


Number of Tests 


A sufficient number of tests was made to give an 
average value having an error not to exceed 3% at 
a 95% probability level. The greatest coefficients of 
variation were found for the yarns tested with the 
pendulum tester where the maximum number of 
tests required were as follows: for nylon, 8; for Cor- 
dura, 8; for viscose rayon, 7; and for mercerized 
cotton, 7. However, 1U tests per sample were made 


on each tester. 


Test Materials 


The test materials consisted of heavy yarns of 
nylon, Cordura, viscose rayon, and mercerized cot- 
ton. The rayon sample was not a typical apparel 
yarn, but a coarse, low twist, single yarn (4700 
den. ), selected for comparison with the high tenacity 
Cordura. 
Table I. 


These heavy 


A description of the yarns is given in 


yarns were used rather than lighter 
yarns in order to obtain a high breaking load uni- 
formity and to allow the use of the Scott Model J 
75-lb. tester. 
Yarns made from acetate and other fibers were 
not tested, due either to the nonavailability of suit- 


able yarns or lack of testing time. 


Test Results 


From the data given in Tables II and III, the 
following conclusions have been drawn: 

1. In general, with all three testing machines used, 
lower results were obtained when yarns were tested 
under conditions requiring 20 sec. to break with a 
20-in. gauge length as compared with conditions 
specified in ASTM Standard D 76. In most cases 


2Du Pont trademark for high tenacity rayon. 
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TABLE Il. 


D 76 
10-in. gauge 10-in. gauge 
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Breaking Loads and Elongations to Break of Four Yarns on Three Types of Testers—Goodrich Capstan 


Grips, 10-In. and 20-In. Gauge Lengths; Rates of Loading According to ASTM 
Standard D 76; Breaks Made in 20 Sec. 


Breaking strengths, Ib 


20-sec. break 20-sec. break D 76 


20-in. gauge 


Tensile strength, g./texT 


20-sec. break 20-sec. break 
10-in. gauge 10-in. gauge 


Elongation to break, % 


D 76 20-sec. break 20-sec. break 


20-in. gauge 10-in. gauge 10-in. gauge 20-in. gauge 





Pendulum tester 
Nylon, 212 tex 
‘Cordura, 445 tex 
Rayon, 522 tex 
Mercerized cotton, 

354.5 tex 


Constant rate of 
loading tester 
Nylon, 212 tex 
Cordura, 445 tex 
Rayon, 522 tex 
Mercerized 
354.5 tex 


cotton, 


Constant rate of 
extension tester 
Nylon, 212 tex 
Cordura, 445 tex 
Rayon, 522 tex 
Mercerized cotton 


15.5 


seconds to break 


TABLE III. 


Tester and 
sample 


Pendulum tester 
Nylon 

Cordura 

Rayon 

Mercerized cotton 


Average 


Differences in Breaking Load and Times to Break Due to Different Methods of Test Data from Table II; 


21.0 
16.0 
11.2 


8.0 


Differences Based on ASTM Method 76 Results 


Method D 76 


Time to 
break. , 


Ib sec 


Breaking 
load, 


Breaking load 


(oad 
Ib. © 


+1.94 
—2.43 
—1.34 


+1.27 


wu 


—0.14 


Constant rate of loading tester 


Ny lon 

Cordura 

Rayon 

Mercerized cotton 


Average 


28.2 — 1.03 
25.0 . +0.80 
31.8 . —2.52 
16.3 . — 1.84 


—1.15 


Constant rate of extension tester 


Nylon 

Cordura 

Rayon 

Mercerized cotton 
Average 


* Not significant 


26.8 
24.8 
30.4 
15.5 


—0.0 
—0.81 


at the 95% level (see Table V). 


20-sec. break, 10-in. gauge 


20-sec. break, 20-in. gauge 





Time to 
break., 


Time to 


Breaking load 
break., — . 


Ib. % 


—2.15 
—0.80* 
—2.20 
— 1.84 


we NW hy 
am oo. bd 
Cowhw «I 


—1.75 


i) 
ie) 


—2.24 
—1.61° 
—0.36* 


—1.52 
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the difference was fairly small; average 1.5% (range 
0.36-2.24% ) on the constant rate of loading tester ; 
1.75% (range 0.8-2.2%) on the constant rate of 
extension tester; and 3.8% (range 1.1-5.6%) on 
the pendulum tester. 

2. When testing was carried out with a 10-in. 
rather than with a 20-in. gauge length, but with the 
same time differences as observed above, the differ- 
ences were variable in direction and much less pro- 
nounced. This suggests that the major reason for 
the differences between methods is due primarily 
to differences in gauge length rather than differences 
in time. (The latter were not great in the case of 
the constant rate of loading or constant rate of ex- 
tension testers.) 

3. The relative difference observed for the differ- 
ent cord types varied with the three types of testers, 





TABLE IV. Maximum Variation in Test Results, Lb. 
D-76 
10-in. 

specimen, 

variable 
rates 


D-1380 
10-in. 
specimen, 

20 sec. 


ISO 
20-in. 
specimen, 

20 sec. 





Nylon 
Cordura 

Rayon 

Mercerized cotton 


1.3 
1.1 
1.6 
0.6 


| OnOon | 
oo ww 


| 


1.2 


_ 
an 
on 


Average 





TABLE V. Significance of the Averages 


Constant 
rate of 
traverse 
tester 


Constant 
rate of 
extension 
tester 


Constant 
rate of 
loading 


Yarn tester 





Nylen not 99.5% 98.0% 
Cordura 99.9% not 98.0% 
Rayon 99.9% 95.0% not 


Mercerized cotton 99.9% not not 





TABLE VI. Rates of Loading, g./tex/min., 
at a 20-Sec. Break 


CRT* CRL CRE 
10-in. gauge 


CRT CRL CRE 
20-in. gauge 


Tester 
Sample 





177.5 
75.8 
81.2 


142.5 
69.2 
69.5 


140.0 
79.0 
75.7 


179.2 
77.1 
80.9 


172.0 
75.2 
78.4 


Nylon 
Cordura 
Rayon 
Mercerized 
cotton 


168.4 
74.6 
79.1 

60.0 61.4 


59.2 52.6 61.4 58.4 


*CRT = pendulum type tester, CRE = constant rate of 
extension tester, and CRL = constant rate of loading tester. 


TEXTILE RESEARCH JOURNAL 


but on the average the nylon cords showed the 
smallest differences (1.85%) and the Cordura and 
mercerized cotton cords the greatest differences 
(2.7%). In five cases out of twelve, however, the 
observed differences were not significant at the 95% 
probability level. 

4. The significant differences were not confined to 
any one tester or any one type of cord. 

The maximum variations in test results for indi- 
vidual cords secured under ASTM D 76, ASTM 
D 1380, and ISO conditions for the four types of 
yarn tested in this study, are given in Table IV. 

A comparison of the maximum variation observed 
for each type of cord by the different methods of 
test shows that, at a constant gauge length of 10 in., 
three out of four yarn types showed greater uniform- 
ity when tested in 20 sec rather than at the various 
rates approved by ASTM. 

Increasing the nominal specimen length to 20 in., 
however, introduced greater variability, so that the 
increased uniformity between machines noted above 
was apparently lost. This, however, does not neces- 
sarily mean the procedure is less precise; it is be- 
lieved to mean that the longer specimen gives a 
better picture of the real variability of the yarn. 
It would be necessary, however, to make tests on 
20-in. specimens under various ASTM conditions 
to prove this point. 


Significance of the Averages 

Since it was of particular interest to determine the 
changes which would take place in going from the 
test methods suggested in ASTM standard D 76 
to a 20-in. gauge length and a 20-sec. break, the test 
results obtained by the two methods were tested for 
significance of differences of the means. 

The data of Table V indicate whether or not the 
means were significantly different at the 95% proba- 
bility level and give the level of significance when 
better than 95%. 


Rate of Loading 


Whether a 10-in. or 20-in. gauge length is used 
makes little difference in the rates of loading for 
any one tester if all the breaks are made in 20 sec. 

The average observed rates of loading for the 
three types of testers, using all the results obtained 
at the 10-in. and 20-in. gauges, were as shown in 
Table VI in terms of g./tex./min. 

The rates of loading on the constant rate of ex- 
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tension tester, expressed in terms of the rate of 
extension of the lower clamp when testing at a 20-in. 
gauge and 20-sec. break, are given in Table VII. 

However, D 76 also provides that yarns with elon- 
gations of less than 8% shall be tested at a 10% /min. 
rate. This means that regular cotton yarns having 
an elongation to break of 4-5% would be tested at 
about one-half the rate indicated above for the 20-in. 
20-sec. break. 


Effect of Varying the Time of Break 3 Sec. from 
20 Sec. 


Since ASTM Standards D 76 and D 1380, as well 
as the recommended International Standard, provide 
a tolerance of 3 sec. from the 20-sec. breaking rate, 
some data relevant to the effect of a 3-sec. tolerance 
on the breaking strength of yarns is of interest. 

In the Task Force report of February 1952 to 
ASTM Committee D13, proposing the 20-sec. stand- 
ard time to break, data based on results from the 
constant rate of loading tester were given; these data 
are shown in Table VIII. 

Since one laboratory could operate at a 17-sec. 
level and another at a 23-sec. level and both meet the 
standard, it would be possible for their results, espe- 
cially for low tex yarns, to differ by 3% or more. 
Therefore, in differences of less 
than 3%, all testers should be operated well within 
the specified tolerances of +3 sec. 


order to assure 


In many cases 
this will require variable speed drives. 
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Tests on One Sample 30/1 Combed Cotton Yarn on 
Two Types of Testers 


It has been suggested in the text that heavier 
yarns are more uniform and that for yarns of lower 
linear density than those used in the above experi- 
ments, the differences in breaking strengths in going 
from the ASTM standards to the 20-in. gauge and 
20-sec. break would be greater than those reported. 

However, the data from testing a 30/1 combed 
cotton yarn on the IP2 and Instron testers, shown 
in Table IX, only partially confirm this statement. 

No pendulum tester of suitable capacity was avail- 
able to test these yarns. 


Conclusions 


The average decrease in breaking load obtained 
when testing at a 10-in. gauge in 20 sec. was approxi- 
mately 0.69%; the indicated decrease in strength 
when testing at a 20-in. gauge in 20 sec. was ap- 
proximately 2.16% of the strength obtained when 
testing at a 10-in. gauge length and in accordance 
with present ASTM Standard D 76. The observed 
differences were significant in seven out of twelve 
comparisons. 

For yarns tested according to ASTM Standard 
D 1380 according to the preferred procedure (20-sec. 
break with a 10-in. gauge length), the 20-sec. break 
at a 20-in. gauge length indicated a decrease in 
strength averaging 1.5% based on the strengths at 
the shorter gauge length, a change attributed to the 


TABLE VII. Rate of Extension; Percent of Gauge Length Per Minute 


Required by ASTM 
Standard D 76 


Yarn 


Nylon 

Cordura 

Rayon 

Mercerized cotton 


60% (22% elongation) 
60% (16% elongation) 
60% (12% elongation) 
60% ( 8% elongation) 


Observed for 20-in. gauge 
and 20-sec. break 


24% elongation) 
15.6% elongation) 
10.7% elongation) 


( 
( 
( 
% ( 8.6% elongation) 








TABLE VIII. Effect of Departing 3 Sec. from a 20-Sec. Time to Break on the Tensile Strength of Yarns 


(Constant Rate of Loading Tester) 


Change in 
tensile 
strength, 


% 


Yarn 
number, 


Yarn type tex 


Change in 
tensile 
strength, 


Yarn 
number, 


Yarn type tex 





29.0 
73.2 
23.6 
19.0 
347. 
$3t. 


0.75 
2.68 
0.68 
1.31 
1.03 
0.00 


Worsted, single 
Worsted, 2 ply 
Cotton, single 
Cotton, 2 ply 
Cotton, 3 ply 


5 
Cotton, 12 ply 5 


Rayon, single 1 
Rayon, single 2 
Rayon, 2 ply 367.8 
Acetate, single 15.0 
Acetate, single 29.4 
Acetate, 4 ply 486.0 


0 
2 
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Strength and Extensibility of a 30/1 Combed Cotton Yarn (195 Tex) 


Breaking 





load, 
Test method g. 


tenacity, 
g./tex 





Difference in 





Time to 
break, 


Elongation 
to break, Breaking 


load, % 


Elongation, 
actual, % 





CRL—IP2 
10-in. and variable time 
10-in. and 20-sec. 
20-in. and 20-sec. 

CRE—Instron 
10-in. and variable time 
10-in. and 20-sec. 
20-in. and 20-sec. 


316 
320 
316 


16.20 
16.41 
16.20 


306 
320 
298 


15.69 
16.41 
15.28 


* D-76 specifies full load in 60 sec., m = 25. 


6.9 
6.8 
6.9 


6.9 
6.4 
6.1 


** 10% of gauge length/min.; elongation to break less than 8%. 





greater number of weak spots in the longer specimen. 

The elongations to break varied but little due to 
change in either gauge length or rate of loading. 
The average difference in elongations to break due 
to differences in gauge length was 0.2%, as was the 
average difference due to differences in rates in load- 
ing. This was a 1.39% relative difference. 

The suggested ISO standard has the great advan- 
tages of simplicity, directness, and ease of determina- 
tion. It would do away with the ambiguity now ex- 
isting due to the different permissible standards 
which may be followed. It would result in testing 
a more representative sample of yarn than under 
present ASTM methods, as practically twice as much 
yarn would be used. In its favor also is the fact 
that it is now recommended as an International 
Standard. The 20-sec. break would, however, re- 
quire that all testers used on a variety of yarns be 
equipped with variable speed drives. 


Summary 


The breaking loads of four lots of yarn have been 
determined on three testers: pendulum, constant rate 
of loading, and constant rate of extension testers ; 
under (1) ASTM-approved conditions, (2) using 
10-in. specimens as specified by ASTM but breaking 
all specimens in 20 sec., and (3) using ISO condi- 


tions (20-in. specimen and 20 sec. to break). The 
tests were made on high denier yarns of nylon, Cor- 
dura, rayon, and cotton. 

In general the effect of changing from a 10-in. to 
a 20-in. gauge length, all breaks being made in 20 
sec., resulted in lowering the tenacity 0.43 g./tex 
(0.043 g./grex). For the yarns tested this is equiva- 
lent to a decrease in indicated strengths of 1.5%. 
Somewhat greater differences might be expected in 
spun single yarns, but this has not been established 
experimentally (see results on tests on 30/1 cotton 
yarns). The.tests indicate that, for a specific speci- 
men length, greater uniformity of results will be ob- 
tained with different types of testing machines when 
testing in a constant time to break (D 1380 or ISO 
Recommendation) than when testing at specified 
rates of stress or strain (ASTM D 76). 
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To the Editor 
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Dear Sir: 


The loss in weight of wool after heating with a 
50% urea-bisulfite solution at pH 7 for 60 min. at 
65°, as described by Lees and Elsworth in 1952 [6] 
(see also [7]). has been widely adopted as the most 
sensitive method for detecting pretreatments of the 
fiber with alkalis. The explanation given by the au- 
thors is as follows [7] : 

“The thioether linkages which are introduced into 
the wool when it is heated with alkalis are stable to 
alkalis and to reducing agents. The reduced re- 
activity of alkali treated wool towards reducing 
agents was demonstrated by Elsworth and Phillips 
[5]. 


by the reducing agent is an essential preliminary to 


Since breakdown of the disulfide cross-linkages 


dissolution of the wool in urea solution, the intro- 
duction of stable cross-linkages results in a decrease 
in its solubility in this reagent.” 

We know from our experiments .with derivatives 
of lanthionine [9] that the thioether linkage in pep- 
tides of lanthionine is nearly as unstable as the disul- 


fide bridge of cystine in peptides. The plumbite test 
on “labile sulfur” is slightly positive for cystine di- 
hydantoin even at pH 4.0 and for lanthionine di- 
hydantoin at pH 4.6. In more alkaline regions the 
only difference between lanthionine and cystine in 
this test is that the darkening of the lanthionine solu- 
tion begins a little later. Lanthionine dihydantoin 
is also unstable towards urea-bisulfite reagent, and 
at 100 The 


instability of lanthionine was also found by Dann 
et al. [3]. 


H.S can be smelled within minutes. 


There had to be another reason for the decrease 
of the urea-bisulfite solubility. After some experi- 
ence with this test we found wool samples with un- 
changed cystine + cysteine content (which means no 
increased amount of lanthionine) but decreased urea- 
bisulfite solubility. 


Table I. 


Some examples are given in 


Fig. 1. 


Cross-linking of wool molecules with intrachenic 
disulfide bonds by disulfide exchange. 





Sample 


Worsted yarn, untreated 
Worsted yarn, steamed at 75° C. 
Greasy wool scoured 1955 
Greasy wool scoured 1957 


Burley [1] has shown that the cysteine residues 
in wool in catalytical amounts take part on stretching 
and supercontracting wool by exchanging different 
disulfide bonds. We considered the same reaction 
as the reason for the decrease in urea-bisulfite 
solution. 

To establish this assumption we experimented 
with two wools. The first was only washed with 
solvent and with buffer detergent solution (pH 4.9) ; 
the other was in addition to the same washings 
treated with N-ethyl-maleimide according to the 
procedure of Burley [2]. 
were treated with N/10 sodium carbonate solution 
at 45° C. for different times. After that the urea- 
bisulfite solubility and cystine + cysteine content 


Samples of those wools 


were determined. 

The results in Table II show clearly that the 
blocking of the thiol groups retards the action of 
alkali on wool measured by the urea-bisulfite solu- 
bility. They also show that, at least in the beginning 
of the reaction, the decrease of the urea-bisulfite solu- 
bility is not dependent on the formation of lanthi- 
onine. The cystine + cysteine content in the first 
60-90 min. is the 


analysis, but the urea-bisulfite solubility decreases to 


same within the limits of the 


two fifths of the original. It is of importance to re- 
gard that under the conditions of the test the bisulfite 
reacts only with about a half of the cystine of the 
wool [5]. 

If we assume a disulfide exchange for the denatu- 
ration of soluble proteins, as Burley and others postu- 
lated for their work on wool, and if we consider the 
different functions of cystine bridges in wool sug- 
gested by Eléd, Nowotny, and Zahn [4] and by 
Lindley and Phillips [8], the reaction is easy to ex- 
plain. Intrachenic disulfide groups are transferred 
to interchenic cross-linkages, polymerization between 
peptide chains takes place, and the solubility in urea- 
bisulfite decreases. 
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oq 
/O 3 
% urea-bisulfite 


cystine + cysteine solubility 


1.85 24 
1. 20 

45.7 
29.0 


1 
1 


12.05 


TABLE Il. Effect of Treating Wool with N/10 Na.CO, 
Solution (45° C.) for Different Times 


Urea-bisulfite 


solubility, % 


Cystine + cysteine 
content, % 
Time of 
treat- 
ment, 
min. 


Washed, 
then 
NEM 


Washed, 
then 
Washed Washed NEM 

0 12.49 
10 12.49 
20 12.51 
30 12.44 
45 12.44 
60 12.36 
90 12.25 

120 12.16 
240 11.47 


12.61 
12.92 
12.84 
12.95 
12.91 24.7 
12.98 21.6 
12.81 17.1 
12.73 12.4 
12.18 6.3 


48.8 
45.4 
44.0 


31.3 


We cannot explain our results in another way, and 
so they give strong support to both the hypotheses 
mentioned. 
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The Bilateral Structure and the Swelling of Mild Pretreated 
Wools ( Disulfide Exchange) 


Deutsches Wollforschungsinstitut 
an der Rheinisch-Westfalischen 
Technischen Hochschule Aachen 
Aachen, Germany 
December 23, 1957 
To the Editor 
TEXTILE RESEARCH JOURNAL 
Dear Sir: 
Microscopic 
the 


with 
structure after 


examinations polarized light 


show bilateral strong chemical 
pretreatment. The birefringence of the paracortex 
remains intact, while it disappears in the ortho- 
cortex [1]. Fraser and Rogers [2] have followed 


the course of fibers at various 


extraction of wool 
stages with progressive addition of 0.05 M potassium 
thioglycollate at pH 12.2. According to our experi- 
ence one can see best the transition of the anisotropic 
state to the isotropic state by observation through 
gypsum red I. We can show this on unpretreated 
wot y1 > 


e 
{ pl | 7 
peratures 


.g., by its embedding in urea-bisulfite reagent 
[4] or in 0.1 N NaOH at various tem- 
and 


times. For example, the bilateral 


structure appears after 2-4 min. embedding in urea- 
bisulfite at 65° C., owing to the decreasing birefrin- 
gence of the orthocortex; after 4-8 min. the bire- 
fringence of the orthocortex is lost, and after ca. 
16-24 min. the paracortex as well no longer shows 
any birefringence ; the entire fiber is isotropic. 

Lees and Elsworth [4] found a decrease of the 
urea-bisulfite solubility of wool by alkaline pretreat- 
ment. We treated wool washed with solvent and with 
detergent-buffer solution (pH 4.9) on such mild 
alkaline conditions (N/10 sodium carbonate, 45° C.) 
that the cystine content remained unchanged [3]. 
The bilateral structure of wool pretreated for 120 


TABLE I 


Swelling, %, of conditioned wool 
after embedding in 


Water 


Urea-bisulfite 


50° C., 
20 min. 


a t. 
15 min 


er <... 
3 min. 


gg 
8 min. 


Unpretreated wool 
Pretreated wool with 
N/10 sodium carbonate 
45° C., 120 min. 
45° C., 240 min. 


min. with sodium carbonate is observed not before 
8-12 min. embedding in urea-bisulfite reagent at 
65° C. (unpretreated 2-4 min.); the loss of bire- 
fringence of the orthocortex takes place after ca. 20 
min. (4-8 min.) ; of the paracortex after more than 
60 min. Thus, to obtain the same 
effect, the wool pretreated for 120 min. is to be em- 


(16-24 min.). 


bedded three to four times longer than the untreated. 
Kessler and Zahn 


urea-bisulfite solubility of wool pretreated with so- 


[3] explain the decrease in 


dium carbonate, the cystine content being unchanged, 
by a transformation of intrachenic into interchenic 
disulfide groups by disulfide exchange reactions caus- 
ing polymerization of some part of the wool proteins. 
A confirmation of this assumption is given by the 
microscopic observations mentioned above. 

Another confirmation was found in the diminished 
swelling of the very same wool (mainly ortho- 
cortex) pretreated with sodium carbonate and em- 


bedded in urea-bisulfite and water. 


The diameter of 
the fibers was microscopically measured in profile 


image on the same spot of the fiber. 

Leveau [5] concludes from his experiences that 
the orthocortex contains mainly intrachenic disulfide 
groups, whereas the paracortex consists mainly of 
interchenic ones. Both the diminished urea-bisulfite 
solubility at ‘unchanged cystine content [3] and the 
decrease of swelling of the same wool support the 
hypothesis that a mild alkaline treatment polymerizes 
the wool proteins by changing intrachenic disulfide 
groups into interchenic cross-linkages by means of 
disulfide exchange. Furthermore, the results of our 
microscopic observations concerning bilateral struc- 
ture show that the disulfide exchange takes place in 
the orthocortex as well as in the paracortex. 
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Gordon Research Conferences 
June 9 - August 29, 1958 


The Gordon Research Conferences for 1958 will be held from June 9 to August 29 
at Colby Junior College, New London, New Hampshire; New Hampton School, New 
Hampton, New Hampshire; and Kimball Union Academy, Meriden, New Hampshire. 

Individuals interested in attending a Conference are requested to send their applica- 
tions to the Director. Each applicant must state the institution or company with which 
he is connected and the type of work in which he is most interested. Attendance at 
each Conference is limited to 100. 

Requests for attendance at the Conference, or for any additional information, should 
be addressed to W. George Parks, Director, Department of Chemistry, University of 
Rhode Island, Kingston, Rhode Island. From June 9 to August 29, 1958, mail should 
be addressed to Colby Junior College, New London, New Hampshire. 
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